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ABSTRACT 
The podands 1,8-bis(quinolyloxy) -3,6-dioxaoctane (N20 4), 1,8 -bis(quinolyloxy) -
-3,6-dithiaoctane (N20 2S2) , 1,12-bis(N-piperidyl) - 2,5,8,11 - tetrathiadodeca-1 ,12-dithione 
(S6-pip) and N,N,N',N'-tetrakis (benzyl)-2,5,8, 11-tetrathiadodeca-1,12-dithioamide 
( (S6-diben) have been synthesized, characterized and their coordinating properties compared. 
Protonation of N20 4 and N20 2S2 has been studied by NMR spectroscopy. The podands have a 
relatively high Br¢nsted basicity in DMS0-d6 which is not significantly affected by the nature of 
the donor atoms on the ligand backbone, (N20 4: pKb1 = - 11.7; pKb2 = -4.2; N20 2S2: pKb1 = 
-11.7; pKb2 = -4.15; T = 298K). 
The coordination chemistry of N20 4 and N20 2S2 differ markedly as manifested in their 
complexation of potassium, cobalt(II) and copper(II). N20 4 reacts readily with potassium salts to 
yield crystalline 1:1 potassium complexes. 1H and 13C NMR and X-ray crystallographic studies of 
potassium isothiocyanate and potassium tosylate complexes of N20 4 indicate that the bound ligand 
adopts a helical conformation around the potassium ions and that the anions are coordinated to 
the metal ion in the complexes. The nature of the anion and solvent affects the overall 
conformation of the bound podand. 
The reaction between N20 4 and cobalt(II) results in the formation of a novel hydrated 
diprotonated salt formulated as [ {(N20 4).2H+ }(H20h](BF4)i. The crystal structure of this 
complex is described. 
N20 2S2 reacts readily with hydrated cobalt(II) and copper(II) ions to yield 1:1 crystalline 
complexes, but does not form potassium complexes. The crystal structure of the copper(II) 
complex of N20 2S2 shows that the podand adopts a pseudo-octahedral conformation around the 
Ill 
copper(II) ion. 1H NMR line-broadening experiments indicate that potential electron-transfer 
self-exchange reactions between the copper(!) and copper(II) complexes of N20 2S2 are slow on 
the NMR time-scale. 
Variable-temperature 1H NMR experiments show that the C-N bond of the terminal groups of 
S6-pip and S6 -diben have partial double bond character. The /l.G values for restricted bond 
rotation about the C-N bonds have been determined. The reaction of S6-pip with copper(II) 
results in the formation of a copper(!) complex. Low-temperature NMR experiments reveal that 
the copper(I)-S6PiP complex is stereochemically non-rigid in solution and that the podand is not 
symmetrically coordinated to the copper(!) ion. The copper(!) complex of S6-pip is air-stable 
in the dry state, but disproportionates slowly in solution to yield inter alia a bis(N-piperidyldithio-
carbamato )copper(ill) hexafluorophosphate complex. The crystal structure of the latter complex 
is described. 
lV 
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1.1 Historical perspective 
The chemistry of the alkali and alkaline earth metal cations has generally been regarded as 
relatively straightforward and well understood using an ionic model [1-2]. Prior to the 1960's, 
however, very little was known about the coordination chemistry of these cations with conventional 
ligands compared to the transition metal cations [3-5]. The lack of interest in the coordination 
chemistry of these · metal ions may be ascribed to several factors. The conventional view in this 
regard was that these metal cations would have little or no tendency to coordinate with traditional 
ligands. These beliefs were rationalized in terms of the relatively large ionic radii and consequent 
low charge density of these cations [1-5]. Furthermore, the lack of convenient physico-chemical 
properties to detect the weak ligand - M+/2+ interactions also contributed to the delayed interest 
in this field [3,4]. 
The most significant advancement in the subject of coordib.ation chemistry of Group IA and IIA 
cations took place in 1967 when C.J. Pedersen announced the synthesis of several macrocyclic 
polyethers ("crown ethers") (Figure 1.1) and their exceptional coordinating ability towards these 
and other cations [6]. Pedersen also noted that several of these compounds showed marked 
selectivities towards certain alkali metal cations [6]. This was reminiscent of the behaviour 
observed previously for certain antibiotics, namely, the discovery by Moore and Pressman [7] in 
1964, that the macrocyclic antibiotic, valinomycin (Figure 1.2), is capable of actively and selectively 







' L P.-\ C-dt:s1gn.1llor. I A ." .1<1 . I ). 16-he:-.aoxa- 2.5 .R. 15 .1 li .2 l-hex:.io \ a- 2.5.8.1 ~ . 18.21-he\a -
Sh,,n n:ime 
( Pe,k r,cn ·s cro" n 
nomcncli.1tu re) 
[ J , J.:rO\, n-6 





120.4.o.o• 14 ]· 
he\acosant: 
------- ----
dib~nzo[ 1 x)cr,m n-6 dic~clohcxano[ l 8] 
crown-6 
--------- ·-- - - - --- -- --------
:'-<otauon i l~]C-6 DB[l t-JC -6 D CH[I R]C -6 
------ - ---· ---
Figure 1.1 Structural formulae and nomenclature of crown ethers (15]. 
Figure 1.2 Valinomycin and its K+ complex (14]. 
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Since these cations, especially Na+, K +, Mg2 +, and Ca2 + play a vital role in biological systems, 
the importance of understanding the subtle coordination chemistry of these cations was soon 
realized [4]. Moreover, the ability to use crown ethers and related molecules as model compounds 
to gain insight into the molecular recognition of sodium and potassium ions by membrane 
intergrated ligands [8-11 ], gave further impetus to work in the field of selective cation 
complexation. Owing to the interdisciplinary nature of the subject, the interest in this area grew 
rapidly and has led to a renaissance in the coordination chemistry of alkali and alkaline earth 
cations. Consequently, there has been a plethora of publications concerning the many aspects of 
3 
alkali and alkaline earth cation complexation, the majority being centered on crown ethers and 
related compounds. Their literature has been extensively reviewed, providing numerous excellent 
review articles, monographs and books on the subject, (for example see references [3-5,8-16]). 
In view of the unprecedented complexing behaviour of crown ethers, considerable effort has been 
directed towards modifying all structural parameters within the ligand system in order to make new 
compounds [12, 17]. The modifications include the following characteristics: 
• topology / number of rings 
• ring size 
• number, type and distribution of heteroatoms 
• introduction of aromatic and/or heteroaromatic groups into the ring system 
• introduction of substituents and functional groups 
Hence, an enormous variety of new compounds have been synthesized and studied, and new 
concepts introduced [3,4,8-15]. For example, in 1974 Cram et al. [18] introduced the well-
established concept, 'Host-Guest Chemistry', to describe the synthesis and study of highly structured 
organic complexes. This concept has gained world-wide recognition and has even become the title 
of numerous monographs and books on the subject of acyclic and cyclic macromolecules and their 
coordination chemistry. Because macrocyclic polyethers have the ability to take up ions and 
transfer them across a lipophilic medium, these types of ligands are also often called 'ionophores', 
comparable to the structurally related polyether antibiotics (bioionophores) [11]. 
From the topological point of view these ligands have been subdivided into three large groups [12] 
and classified according to the nomenclature proposed by Vogtle and Weber [19], as shown in 
Figure 1.3. Each figure represents the minimum number of donor atoms and chain segments 
characteristic of each class of compound. 
Poconos (open-cha,n) 
A ~ D . D D 
{ 1 ) Poaand ( Monopdand l 
~ (f'o o 
A 
~ o o 
V 
{ 2) Podana IDipodand ) 





{ 3 ) Podand ( Tripodand ) 
Coronands I cyclic) 
{ 1 ) Coronand ( Monocoronand ) 




l\ ) ( DJ( 
VDD~ 
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4 
Cryptands I spherical ) 
{ 2) Crypta ' C 
{ 3 I Cryptand ITr,c ryptand) 
{ I. ) Cryptand ( Tetracr yptand I 
Figure 1.3 Topology and classification of organic neutral ligands [19]. (D = donor atom, 
A = anchoring group, n= chain segment without donor atom, B = bridgehead atom). 
For those coronands which only contain ether-like oxygen donor atoms, the name 'crown ether' 
is still retained for historical reasons [19]. Selected examples of crown ethers ( 4,9) and coronands 
(10,21) are given in Figure 1.4. Other cyclic compounds include spherands (Figure 1.4, (22)) 
introduced by Cram and coworkers [16,20]. These compounds differ from the coronands by their 
intraanular crowding of donor atoms which are attached to a rigid molecular framework. The 
cryptands (Figure 1.4, (23)), designed and studied by Lehn and coworkers [21], are characterized 
by the presence of two or more bridgehead nitrogen atoms that are joined by at least three 
oligoether chains, thus providing a three-dimensional cavity for complexation. 
5 
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Figure 1.4 Stmctural formulae of selected crown ethers, coronands, spherands and 
cryptands [15). 
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1.2 Podands with rigid donor terminal groups 
Unlike the coronands and cryptands, the podands are characterized by lacking ring and bridge 
structures and as a result they have the advantage of relatively facile syntheses, using neither 
dilution nor template procedures (12]. Generally podands include all ligands which possess the 
characteristics of an acyclic oligoether or which consist of chains bearing heteroatoms in a 
particular array. 
In principle, podands, for example in the form of glyme (24), have been known for a very long 
time, essentially because of their frequent use as solvents for diverse reactions involving M + and 
M2+ cations and to the consequent formation of M+/2+ -glyme derivatives (3,4,22]. 
In contrast to macrocycles, acyclic oligoethers form metal complexes of relatively low stability. On 
going from the cyclic 18-crown-6 ether to its open-chain analogue, hexadentate 
pentaethy~eneglycol dimethyl ether (pentaglyme; glyme 6, ((24), n = 4), as a ligand for K+, the 
complex stability decreases by a factor as high as la4, even though they have the same number of 
donor atoms available for complexation (22]. The enhanced stability of crown ether complexes 
with respect to those of corresponding linear oligoethers is attributed to the 'macrocyclic effect' 
(13,23]. Although this effect was originally explained in terms of entropy factors, which oppose 
complete enclosure of cations by acyclic oligoethers [23], studies on tetraamine (24,25] and 
tetrasulfide [26-28] systems showed that enthalpy parameters coupled with ligand salvation effects 
often play a greater role in the origin of the macrocyclic effect. However, the macrocyclic effect 
has not yet been simply defined since different systems may respond to different stabilizing factors 
(13]. 
7 
In keeping with the low stability constants, crystalline alkali and alkaline earth metal complexes 
of oligoethylene glycols and their ethers, the glymes, were unknown until recently [22,29], although 
solution studies had given information on probable stoicheiometries [4]. Spectrophotometric 
studies on the complexation of alkali and alkaline earth salts containing the flourenyl carbanion 
with glymes have shown that complexation is generally enhanced with an increase in chain length 
of the oligoether backbone [30]. This observation holds only up to a certain chain length, beyond 
which there is little effect, as noted for fluorenyllithium beyond glyme-4 ((24), n = 2) and for 
flourenylsodium beyond glyme-5 ((24), n = 3). Superimposed upon the chain length factor, is also 
the effect of the counterion which has been reviewed [30]. 
Alongside the development of crown ether chemistry, well-directed syntheses of special podands 
were begun [12,22]. The interest in podands stems largely from the observation that 'acyclic 
bioionophores, such as, nigericin and monensin (Figure 1.5), can complex alkali metal ions with 
a remarkable degree of selectivity [22]. 
The first podands which allowed the easy isolation of crystalline stoicheiometric complexes of alkali 
and alkaline earth metal cations were the bis( quinoline )oligoethers (Figure 1.6, (25), (26) and 
(28)) introduced in 1975 by Vogtle and Weber [31]. A characteristic feature of these podands is 
the termination of both ends of the oligoether moiety by two quinoline rings. This attachment of 
relatively rigid donor terminal groups results in enhanced complex stabilities and is now known as 
the 'terminal group concept' [32]. Besides 8-quinolyloxy, other terminal groups, such as, 2-
methoxyphenol (Figure 1.6, (30)) and 2-nitrophenol (Figure 1.6, (31)), have been used [22]. 
These rigid donor terminal groups function as anchoring points with locally fixed donor centers 
on which the cation can take a hold [22]. However, a certain minimum number of donor sites 
remains a prerequisite for complex formation. Podands in which the terminal groups are attached 
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Structural formulae of synthetic acyclic oligoether ligands containing aromatic 
donor terminal groups (15]. 
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Although podands do not have an obvious intramolecular cavity in which a cation might be 
encapsulated, they are nevertheless able to build up an appropriate ligand cavity upon 
complexation, as is evident from the numerous crystal structures that have been reported for 
podand complexes [15,22,33]. These crystallographic studies have shown that, depending on the 
number of ethyleneoxy units, the podand is able to wrap around the cation in either a planar, 
helical or spherical arrangement. This is clearly demonstrated by the series of Rbl complexes with 
podands (25) [34], (26) [35,36] and (28) [37], as shown in Figure 1.7. 
(a) (b) 
Figure 1.7 Structures of some Rb+ complexes of acyclic neutral ligands: (a) (25)-Rbl with 
planar wrapping around the cation; (b) (26)-Rbl with helical wrapping of the ligand around the 
cation; and (c) (28)-Rbl with spherical wrapping around the cation [22]. 
In all three complexes, all the heteroatoms of the podand are coordinated to the Rb+ ion, the 
ligand adopting a conformation such that the cation-podand interactions are optimized. In the 
structure of the charge-separated complex involving· (26), the oligoether chain is too long to 
enclose the Rb+ cation in a planar donor array. The podand thus adopts a helical conformation 
around the cation with the majority of the donor atoms fixed in a close plane [35,36]. This helical 
arrangement is replaced in the shorter podand (25) by an approximately planar array of donor 
atoms. This podand is pentadentate and two iodides per cation participate alternately in the 
complexation [34]. With the decadentate ligand (28), a spherical wrapping of the Rb+ ion occurs 
10 
with heteroatoms on the surface of sphere of = 3 A radius. The iodide ions lie in cavities 
between the spheres where they are held by weak van der Waals forces, and the eight oxygen 
donor atoms of the podand are coiled around the cation in the equatorial plane with the quinolyl 
moieties coordinating from above and below this plane [37]. 
The structure of the related complex of Rbl with the podand (27) (Figure 1.8(a)) shows a 
significant difference in ligand conformation compared to that in (26)-Rbl [38]. The heptadentate 
bis( quinaldine) podand is arranged in a continuous helix, presumably due to the methyl groups of 
the quinaldine moieties, which sterically hinder planar inclusion of the cation at the terminal 
group. A continuous helix has also been observed in the structure of (30)-NaNCS (Figure 1.8(b)), 
in which the Na+ ion is coordinated to all six donor atoms of the ligand and to the isothiocyanate 
anion which is above the helix [33]. 
a ) b) 
0 C 
• 0 @ N 
0 CH3 
• 
Figure 1.8 Structures of (a) (27)-Rbl and (b) (30)-NaNCS complexes (22]. 
In the podand complexes the whole ligand skeleton is essentially held in the observed 
conformation only by ion-dipole interactions. This causes a loss of entropy which is reflected in 
the generally poor complex stabilities observed for these complexes [12,22,39,40]. Whilst 
attachment of rigid donor terminal groups results in enhanced complex stabilities of open-chain 
compounds, comparable complexes between podands and alkali/alkaline earth metal cations are 
less stable by several orders of magnitude than crown ethers/coronand complexes. The latter 
11 
complexes are, on the other hand, much weaker that the cryptand complexes. Typical orders of 
magnitude of complex formation constants Ks (in methanol) are about 102-104 for podates, 104-106 
for coronates and 106-1010 for cryptates [12,39,40]. 
In accordance with the guideline that high complex stabilities do not, at the same time, imply high 
complex selectivities, podands can display considerable discrimination between cations. The 
selectivity of the ligand towards various cations clearly depends on ligand characteristics, such as, 
the nature and number of donor atoms, the rigidity of the ligand chain and especially on the type 
of terminal group [ 40]. An illustration of the influence of the terminal group effect is given in 
Figure 1.9( a). 
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Figure 1.9 Stability constants (lo~) of various podand-alkali metal ion complexes as a 
function of ionic radius. (a) Stepwise replacement of donor terminal groups and (b) ligands 
with stiffened chain [ 40]. 
As the donor-inactive phenyl groups in (36) are successively replaced by the coordinating 8-
quinolyloxy moiety, (35) and (26), the complex stabilities increase dramatically, while the selectivity 
of complex formation for potassium decreases. On the other hand, as may be seen from Figure 
l.9(b ), the introduction of bridging pyridine rings into the ether chain increases the rigidity of the 
12 
system and thus results in a greater cation selectivity as is manifested in the relatively large 
discrimination factor [K1(Na +)/K1(K +)] = 12 of ligand (37) [40]. 
The actual process of complexation is believed to occur through the stepwise incorporation of the 
podand, i.e. the stepwise replacement of the existing salvation or hydration sheath [39,40]. 
Thermodynamic studies of these systems have revealed that the complex stabilities arise from the 
large negative enthalpies which compensate for the entropically unfavourable change of topology 
due to the transition of the linear conformation in the uncomplexed ligand to the helical 
conformation in the complexed state [40]. 
Apart from forming complexes with alkali and alkaline earth metal cations, the podands (26) and 
(30) are also capable of forming stable crystalline adducts with neutral organic guest molecules, 
such as, urea and thiourea [41-44]. Furthermore, limited studies involving transition metal cations, 
"or example Zn2 + Cd2 + Hg2 + Ag+ Co2 + Ni2 + Ln3+ Nd3+ UO 2 + as well as ammonium 
11 ' , ' ' ' ' ' ' ' 2 
salts have also been carried out [22,31 ]. 
1.3 Thioether Crown Chemistry 
Whilst thioether analogues of crown ethers have been known since the 1930's [45,46), the 
coordination chemistry of these ligands has not developed in parallel with that of the oxygen and 
nitrogen macrocycles. Recently, renewed interest in these compounds has been evident [47-50). 
The resurgence of thioether crown chemistry could be ascribed to several factors, notably the 
discovery of thioether coordination to copper in the blue copper proteins, plastocyanin [51-53). 
This in tum gave rise to speculation that the unique spectroscopic features of these proteins 
originated from copper-thioether coordination [52]. This controversial issue spurred the 
pioneering work of Rorabacher and coworkers on copper complexes of macrocyclic thioethers [26-
28,54-64]. The analogy of the bonding characteristics between thioether and phosphine ligands 
suggested that the coordination chemistry of thioether macrocycles might complement that of the 
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exhaustively studied phosphine complexes [47,48]. In addition, the moderate ,r-acidity of 
thioethers (intermediate between that of amines and phosphines) suggested that these ligands 
might stabilize lower oxidation states of metal ions to yield complexes of unusual reactivity [ 47,48] . 
Other factors, such as, the continuing interest in oxygen and nitrogen macrocycles and improved 
synthetic methods, affording the facile preparation of thioether macrocycles in high yields, have 
also contributed to the growing interest in this field. 
Typical examples of some thioether macrocycles are given in Figure 1.10. The notation system 
used for thioether macrocycles is similar to that employed for oxygen macrocycles; for example, 
for the thioether macrocycle 1,4,7-trithiacyclononane (42) the following notations have been used: 
trithia-9-crown-3 or 9S3, the numerical prefix indicating the number of atoms in the heterocycle 




s s u 
41 
Typical examples of crown thioethers [ 49]. 
42 
Owing to the weak a-donor and weak ,r-acceptor abilities of thioethers, these molecules are 
generally regarded as poor ligands [47]. In addition, coordination of several simple dialkyl 
thioethers to one metal ion engenders serious steric repulsion between the alkyl substituents from 
different ligands [ 47]. However, the incorporation of thioethers into a crown-type structure results 
in molecules with enhanced tendency to coordinate transition metal ions. The enhanced complex 
14 
stability has been ascribed to three possible contributing factors: the chelate and macrocyclic 
effects and the elimination of steric repulsion between alkyl substituents [65]. 
As anticipated from the 'soft' nature of the sulfur donor atoms, the crown thioethers show a 
definite preference to bind transition metal ions over alkali and alkaline earth metal cations. A 
large number of homoleptic six-coordinate complexes of crown thioethers with, for example, 
Co(II) [48), Co(III) [66), Ni(II) [48), Cu(II) and Cu(I) [48,56,57,59,60,61,67,68), Pd(II) [49), Pt(II) 
[49), Rh(III) [48,49), Ag(I) [48,66) Ru(II) [48,49) and Fe(II) [69,70), all of which have an MS6 
core, have been isolated and characterized by X-ray crystallography. 
Crown thioethers do not only bind transition metal ions strongly, but recent studies have also 
shown that in many instances crown thioether coordination confers unusual optical, redox, 
magnetic and kinetic behaviour on the metal center [48). For example, hexakis(thioether) 
coordination results in the stabilization of low-spin states of Co(II) [48) and Fe(II) [69,70), the 
stabilization of unusual oxidatio·n states such as Pt(III), Pd(ill) and Rh(II) [48,49) and also results 
in the highest redox potentials known for the Cu(II)/(I) couple [71 ]. Furthermore, the Rh(I) 
complex of 14S4 exemplifies the effect that a thioether donor may have on complex reactivity. 
This complex is a strong nucleophile and undergoes oxidative addition with dichloromethane at 
room temperature, a result that has been attributed to the low ,r-acidity of the thioether sulfur 
donor atoms [72]. 
An important aspect of these ligands pertains to the preference of the free ligand for exodentate 
conformation, in which the sulfur atom lone pairs are directed outward of the ring [73,74). This 
unusual behaviour contrasts with that of macrocycles containing oxygen and nitrogen donor atoms. 
This phenomenon has been found to have important ramifications for coordination chemistry in 
that some thioether macrocycles tend to bridge metal ions rather than to chelate to one [48,73,74]. 
This is exemplified by the reactions of 14S4 with NbC15 and HgC12 to give [(NbC15)i.14S4) and 
15 
[(HgC12) 2.14S4], respectively, in which an 'inside-out' macrocycle bridges two NbC15 and two HgC12 
units rather than chelating them [75,76]. 
Not all crown thioethers, however, adopt exodentate conformation; for 9S3 only endodentate 
sulfurs are observed while 18S6 possesses both exo- and endodentate sulfur atoms [73]. The 
analysis of the crystal structures of several thioether macrocycles has revealed that the exodentate 
orientation of sulfur atoms arises from the preference of C-S linkages to adopt gauche 
conformation, which contrasts with the trans preference of C-0 bonds in crown ethers. This 
difference arises largely from the difference in the C-E bond lengths (E = O,S) and the different 
1,4-interactions in gauche C-C-E-C and E-C-C-E units which combine in polyether macrocycles 
to give trans C-0 and gauche C-C bonds, but in thioether macrocycles to the give: gauche C-S and 
trans C-C bonds [73]. For the 12S4 and 14S4 macrocycles these tendencies give a quadrangular 
structure with the sulfur atoms at the comers [74]. These conformations disfavour chelation, 
which necessitates a complete conformational rearrangement to tum the donor atoms 'right side 
in' [48]. Conformational studies therefore reveal why 14S4 shows little macrocyclic effect, that is, 
its binding affinity barely exceeds that of comparable acyclic ligands and why these ligands tend 
to bridge rather than chelate metal ions. 
The coordination chemistry of acyclic thioethers has not been studied with the same intensity as 
that found for their cyclic analogues. The majority of these studies have largely concentrated on 
the complexation reactions of tetradentate ligands [47], such as o:,<..>-bis-
(methylthioalkylthio)alkanes (Figure 1.11, (43)) [77-80], and the acyclic tetrathiaethers, 2,5,9,12-
tetrathiatridecane (Mei-2,3,2-S4) and 3,6,10,13-tetrathiapentadecane (Eti-2,3,2-S4) (Figure 1.11, 
(44) and (45)), which have mainly been used to study copper-thioether interactions [26-28, 
54,55,58,61,62,64]. 
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Figure 1.11 Structural formulae of acyclic tetrathiaethers. 
Thioether podands with rigid donor terminal groups have also been synthesized and studied. In 
most cases, however, nitrogen heterocycles such as pyridine [81-86], imidazole (unsubstituted and 
substituted) [87-91] and 8-mercaptoquinoline [92] have been used as terminal groups. The interest 
in these ligands stems from their use as model compounds for the blue copper proteins, azurin and 
plastocyanin, in which the copper ion is coordinated by two histidine imidazole nitrogens, a 
cysteine thiolate sulfur and a methionine thioether sulfur in a distorted tetrahedral geometry [51-
53]. 
Podands with rigid donor terminal groups containing only sulfur donor atoms are however rare. 
The hexadentate sulfur podand, 1, 12-di-2-thienyl-2,5,8, 11-tetrathiadecane ( 46), is one example, 
which has been used to examine the liquid-liquid extraction of transition metal ions, showing a 
high selectivity for Ag(I) and Cu(I) [93]. This podand has also been used as a potential ionophore 
in solvent polymeric membranes for the development of transition metal ion-selective membrane 
electrodes [94]. 
~;\;\;\r-0 s s s s s s 
(46) 
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1.4 The objective of the present study 
In view of our interest in both thioether coordination chemistry and podands with rigid donor 
terminal groups, it was decided to examine systematically the extent to which the coordination 
chemistry of these podands may be altered by the replacement of some or all of the donor atoms 
with sulfur. Accordingly, a series of podands containing: (a) only oxygen and nitrogen donor 
atoms (1,8-bis(quinolyloxy)-3,6-dioxaoctane), (b) an oxygen, nitrogen and sulfur donor atom set 
(1,8-bis(quinolyloxy)-3,6-dithiaoctane) and (c) only sulfur donor atoms (1,12-bis(N-piperidyl)-
2, 5, 8, 11-tetrathiadodeca-l, 12-dithione andN, N,N', N'-tetrakis (benzyl)-2, 5, 8, 11-tetrathiadodeca-1, 12-
dithioamide ), have been synthesized, characterized and their coordination chemistry with alkali 
metal cations (e.g. K+) and selected transition metal cations (e.g. Cu2 + and Co2 +) examined. 
18 
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CHAPTER2 




I: SYNTHESIS OF PODANDS: 
2.1 Introduction 
Podands with rigid donor terminal groups have the advantage of facile synthesis in contrast to the 
preparation of macrocyclic compounds, which require time-consuming cyclization steps involving 
either high dilution conditions or template procedures [1 ]. Instead, podands may be obtained in 
reasonably high yields by simple nucleophilic substitution of l,<.i>-ditosylates or l,<.i>-dihalogen 
compounds with the alkali salts of aromatic monohydroxy compounds, as exemplified by the 
reaction scheme below. 




Considering the above reaction scheme, it is clear that sulfur donor atoms can be readily 
incorporated into the molecular framework of podands by: (i) substitution of the ether oxygen 
atoms on the ligand backbone with sulfur and (ii) the attachment of terminal groups containing 
sulfur donor atoms. Hence in order to systematically examine the extent to which the 
coordination chemistry of podands may be altered by the replacement of some or all of the donor 
atoms with sulfur, the podands used in this study were synthesized applying the following 
strategies: 
1) To gain experience in the preparation of podands with rigid donor terminal groups, the 
podand, 1,8-bis( quinolyloxy)-3,6-dioxaoctane, was chosen since the synthetic procedures and 
coordination chemistry of the bis( quinoline) podands is well-established [1 ]. In addition, of 
all the bis( quinoline) podands studied to date, little detail is known about the coordination 
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chemistry of specifically 1,8-bis( quinolyloxy)-3,6-dioxaoctane. Hence, the coordinating 
properties of this podand could be examined and at the same time, since this molecule 
contains only oxygen and nitrogen donor atoms, it could also serve as a convenient 'reference' 
molecule in this study. 
2) The two central ether oxygen atoms of the above-mentioned podand were replaced with 
sulfur donor atoms, to give 1,8-bis( quinolyloxy)-3,6-dithiaoctane. 
3) The quinoline terminal groups of the sulfur containing bis(quinoline) podand were replaced 
with dithiocarbamato functionalities, which are also well-known complexing agents for a wide 
variety of metal cations, to afford the potentially hexadentate sulfur podands, 
1, 12-bis(N-piperidyl)-2,5,8, 11-tetrathiadodeca-l, 12-dithione and .N,.N,N:N'-tetrakis(benzyl)-
2,5,8, 11-tetrathiadodeca-1, 12-dithioamide. 
The structural formulae and corresponding IUP AC names of these podands are shown in Figure 
2.1. Since the IUP AC names are cumbersome for repeated use, abbreviated names based on the 
donor atom set present in each ligand have been introduced for their ready identification and 
these are given in parentheses in Figure 2.1. With the exception of the quinolyloxy terminated 
oligoether, N20 4, the syntheses of these ligands have not been previously reported . 
. 2.2 Synthetic procedures 
Employing the method reported by Vogtle et al. [2], the podands with quinoline terminal groups, 
N20 4 and N20 2S2, were obtained by nucleophilic substitution of 1,8-ditosylate and 1,8-dichloro 
compounds with the alkali salts of 8-hydroxyquinoline, as outlined in Scheme 1, method 1 and 




1,8-bis( quinolyloxy)-3,6-dioxaoctane 1,8-bis( quinolyloxy)-3,6-dithiaoctane 
1, 12-bis(N-piperidyl)-2,5,8, 11-tetrathiadodeca-1, 12-dithione 
N,N,N',N'-tetrakis(benzyl)-2,5,8, 11-tetrathiadodeca-1, 12-dithioamide 
Figure 2.1 Structural formulae and systematic (IUP AC) names of Podands. Abbreviated names 
are given in parentheses. 
METHOD 1: 
METHOD2• 
2 /\ + 
Cl OH 
(2) 


















TuO O O OTu 
(1) 
+ 2NaCI 
+ 2 KCI 
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In the early 1900's, J v. Braun reported the convenient and versatile synthesis of bisthiourethane 
compounds, RNCSS(CH2)_pSCNR (x = 1,2,3 ... 10) [3]. These compounds can be readily 
synthesized by allowing simple mixtures of CS2 and amines to react with a.,w-dihaloalkanes in an 
ethanolic medium at room temperature. We have extended this general method for the 
preparation of S6-pip and S6-diben, using 1,8-dichloro-3,6-dithiaoctane, as shown in Scheme 2, 
method 3. The reactions were found to be much slower than those reported for the preparation 








Since the intermediate reactants (1), (2) and (3) are not commercially available, these were 
synthesized according to literature methods, as described in the Experimental section of this 
Chapter. It is very important to note that 1,8-dichloro-3,6-dithiaoctane is a potent vesicant which 
requires extreme care in handling. In view of the hazardous nature of this compound only a small 
quantity was prepared. Consequently, the syntheses of the podands S6-pip and S6-diben were not 
repeated due to the limited supply of the dichloro compound. Since these podands were prepared 
for the first time, the isolation of the pure compounds was not straightforward as their physical 
properties were unknown. Hence, several methods of recovery had to be employed and this 
inevitably led to a loss of material. It is therefore important to recognize that the reported yields, 
which are low, do not reflect the optimum yields that may be obtained. Furthermore only those 
methods which proved to be the most successful in isolating these compounds are given in the 
Experimental section. 
2.3 Results: Properties of Podands 
The elemental analyses, mass spectra and 1H NMR spectra of the four ligands were consistent 
with the proposed structures given in Figure 2.1. The analytical data and physical properties of 
the compounds are summarized in Table 2.1. 
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TABLE 2.1 Analytical Data and Properties of the Podands: N20 4, N20 2S2, S6-pip and S6-diben 
Compound Mp Yield Molecular Analytical data 
(OC) (%) Formula (%C/H/N) 
Nz04 oil 66 C24H24N20 4.H20 Calc:68.2, 6.1, 6.6 
Found:68.4, 5.8, 6.3 
N202S2 134-137 26 ~H24Nz02S2 Calc:66.0, 5.5, 6.4 
Found:66.2, 5.7, 6.0 
S6-pip 93-95 40 C1sH3zN2S6 Calc:46.1, 6.9, 6.0 
Found:46.0, 7.0, 5.8 
S6-diben 59-61 15 C36H40N2S6.2H20 Calc:59.4, 5.5, 3.7 
Found:59.3, 4.9, 3.8 
2.4 Experimental 
2.4.1 General 
All reagents were analytically pure and generally supplied by Merck, Darmstadt or Aldrich 
Chemical Company. The pyridine was purified and dried by distillation from KOH before use. 
All the other solvents were Analytical Reagent Grade and used as received. Double distilled 
water was used throughout. All preparative column chromatography was prepared using a slurry 
in chloroform of either silica gel (Merck) or aluminium oxide (alumina) (basic, activity 1, Merck). 
The instruments and experimental methods used for the characterization of the compounds 
prepared are given in Part II of this Chapter. The infrared (IR) data given below, as well as in 
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other experimental sections in this thesis, are reported as follows: position of signal (cm-1); 
intensity of band, w = weak, m = moderate, s = strong and vs = very strong; shape of band, br 
= broad and sh = sharp. Throughout this study the proton nuclear magnetic resonance (NMR) 
chemical shift data, given in the experimental sections, are reported as follows: chemical shift 
(ppm); multiplicity, s = singlet, m = multiplet, t = triplet; number of protons; assignment. 
2.4.2 Preparation of Compounds 
Intennediate Reactants 
Triethylene glycol ditosylate (1) [4]: 
Triethylene glycol (26.8 cm3, 0.2 mol, BDH) was dissolved in pyridine (160 cm3) and p-
toluenesulfonyl chloride (77 g, 0.4 mol, Merck) added portion-wise over a period of 2 hours to the 
stirred and ice-cooled solution. Stirring and cooling was then continued for another 4 hours. The 
mixture was left overnight, then poured on ice (200 g) and further diluted with water (100 cm3). 
The precipitated ditosylate was collected by filtration, washed with cold water (160 cm3) and dried 
over silica gel in vacuo. Recrystallization from absolute ethanol (200 cm3) gave the pure. 
triethylene glycol ditosylate. Yield: 9.17 g, 20%. Analytical data calculated for Cz0H260 8S2: C, 
52.4; H, 5.7 %. Found: C, 52.4; H, 5.7 %. 
3,6-Dithiaoctane-1,8-diol (2) [5,6] 
Sodium metal (11.5 g, 0.5 mol) was dissolved in 375 cm3 of absolute ethanol to which 21 cm3 (0.25 
mol) 1,2-ethanediol (Aldrich) was added. The solution was heated to reflux and 33.5 cm3 (0.5 
mol) 2-chloroethanol (Aldrich) in 125 cm3 absolute ethanol was added dropwise to maintain reflux. 
After addition was complete, the reaction mixture was allowed to reflux for a further 30 min., 
cooled and filtered. Removal of the solvent from the filtrate, by rotary-evaporation, afforded a 
white solid that was treated with 100 cm3 hot acetone and filtered to remove NaCl. The acetone 
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was evaporated off to yield the pure product, which was collected and dried over silica gel in 
vacuo. This compound was not purified further by recrystallization. Yield: 33.7 g, 74%. 1H NMR 
(90 MHz, CDC13) 6 3.75 (m, 4H, -OCH2- ), 2.80 ( m, 4H, -CH2S-), 2.77 (s, 4H, -SCH2- ), 2.27 
(br t, 2H, -OH) ppm. 
1,8-Dichloro-3,6-dithiaoctane (3) (61 
CAUTION: This compound is a powerful vesicant and must be handled with extreme care! 
l ,8-Dichloro-3,6-dithiaoctane was prepared by the dropwise addition of 13 cm3 thionyl chloride 
(Riedel de Haen) to a suspension of the 3,6-dithiaoctane-1,8-diol (14.0 g, 0.12 mol) in 100 cm3 
dichloromethane. Upon reaction, the suspended solid dissolved to yield a solution of the dichloro 
compound. The resulting solution was evaporated to dryness using a rotary-evaporator and the 
residue was taken up in dichloromethane and washed with aqueous NaHC03• The organic layer 
was separated and dried by passing it through a column containing a proprietary drying agent, 
Extrelut (Merck). The solvent was removed by rotary-evaporation to yield the dichloro compound 
as a viscous oil, which solidified on standing. Drying over silica gel in vacuo yielded 13.4 g, 51 %. 
TLC (CDC13, silica gel) Rr0.77. 
1H NMR (90 MHz, CDC13) 6 3.66 (m, 4H, ClCH2-), 2.89 (m, 
4H, -CH2S-), 2.80 (s, 4H, -SCH2-) ppm. 
Owing to the hazardous nature of this compound it was not characterized further. The 1H NMR 
chemical shift values were consistent with those reported by Cooper et al. [6]. 
Podands 
1,8-bis(quinolyloxy)-3,6-dioxaoctane {N20 4) (21: 
Triethylene glycol ditosylate (1) (2.31 g, 5 mmol) dissolved in benzene/.N,N-dimethylformamide 
(1:1.6, v/v) was added dropwise to a refluxing solution containing 1.46 g (10 mmol) 8-
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hydroxyquinoline (Merck) and 0.58 g (10 mmol) KOH in 50 cm3 absolute ethanol. A colourless 
precipitate (potassium tosylate) separated and the solution become deep red. The solution was 
refluxed for 4 hours and was then allowed to cool to room temperature. After filtration of the 
precipitate, the solvent was removed by rotary-evaporation, yielding a deep red viscous oil which 
was taken up in chloroform. In order to remove the unreacted 8-hydroxyquinoline, the mixture 
was extracted several times with dilute NaOH and washed with water. The organic layer was dried 
over anhydrous Na2S04 and concentrated by rotary-evaporation to a volume of about 10 cm
3
. 
Chromatography on alumina (Merck, basic, activity 1) with chloroform gave the pure product as 
a yellow viscous oil, which was dried over silica gel in vacuo. Yield: 1.33 g, 66%. TLC (silica gel, 
CHC13) Rr 0.39. Analytical data calculated for Cz,iH24N20 4.H20: C, 68.2; H, 6.1; N, 6.6 %. 
Found: C, 68.4; H, 5.8; N, 6.3 %. 1H NMR (200 MHz, CDC13) 6 8.90-8.87 (m, 2H, quinoline), 
8.10-8.05 (m, 2H, quinoline), 7.40-7.33 (m, 6H, quinoline), 7.08-7.04 (m, 2H, quinoline), 4.37 (m, 
4H, -OCH2-), 4.03 (m, 4H, -CH20-), 3.78 (s, 4H, -CH20CH2-) ppm. IR (neat liquid, KBr disk, 
cm-1) 3395(s,br), 1661(w,br), 1612(m,sh), 1595(m,sh), 1596(s), 1499(vs), 1469(s), 1449(s), 1423(s), 
1375(s), 1316(s), 1262(s), 1181(s), 1106(vs), 1036(m), 945(m), 919(m), 822(s), 791(s), 754(s), 
731(s), 706(w), 640(w), 579(w), 535(w), 453(w). Parent ion peak at m/e 404. 
1,8-Bis(guinolyloxy)-3.6-dithiaoctane (N~ 
The synthesis of this compound followed essentially the same procedure as that described above, 
using l,8-dichloro-3,6-dithiaoctane (1.09 g, 5 mmol) in 10 cm3 dichloromethane instead of (1). The 
crude product was purified chromatographically as described for N20 4 above to give N20 2S2 as 
a white solid, which was dried over silica gel in vacuo. Recrystallization from absolute ethanol 
yielded the pure crystalline compound. Yield: 26%. Mp 134-137°C. TLC (silica gel, CHC13) Rr 
0.23. Analytical data calculated for Cz,iH24N20 2S2: C, 66.0; H, 5.5; N, 6.4 %. Found: C, 66.2; H, 
5.7; N, 6.0 %. 1H NMR (200 MHz, CDC13) 6 8.95-8.92 (m, 2H, quinoline), 8.14-8.09 (m, 2H, 
quinoline), 7.44-7.37 (m, 6H, quinoline), 7.08-7.04 (m, 2H, quinoline), 4.41 (m, 4H, -OCH2-), 3.17 
(m, 4H, -CH2S-), 2.99 (s, 4H, -SCH2-) ppm. IR (nujol mull, KBr disk, cm-
1) 1615(m), 1595(m), 
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1568(m), 1500(s), 1425(s), 1319(s), 1260(s), 1197(m), 1184(s), 113l(m), 1106(vs), 1072(s), 1031(m), 
1015(m), 992(s), 861(m), 817(s), 803(m), 790(s), 765(m), 750(s), 718(m), 682(m). The parent 
molecular ion for N20 2S2 could not be detected, although the fragmentation pattern supported 
the existence of this compound. 
1, 12-Bis(N-piperidyl)-2,5,8, l l-tetrathiadodeca-1, 12-dithione (S6-pip): 
S6-pip is readily prepared by the dropwise addition of 0.05 mol (3.1 cm
3
) CS2 (Merck) to a solution 
of 0.1 mol (9.9 cm3) piperidine in 100 cm3 absolute ethanol. After allowing the solution to stir 
at room temperature for 15 min., a suspension of 0.025 mol (5.56 g) l ,8-dichloro-3,6-dithiaoctane 
in ethanol/N,N-dimethylformamide (10:1, v/v) was added to the generated dithiocarbamate salt 
over 1 hour. The mixture was then allowed to stir under reflux (70°C) for 6 hours. On cooling, 
S6-pip separated as a yellow oil, which was isolated by decanting off the ethanolic reaction mixture. 
The oil was taken up in chloroform, washed several times with water and dried using the drying 
agent Extrelut (Merck). Treatment of the ethanolic reaction mixture with water and cooling to 
0°C yielded more of the yellow oil which was extracted into chloroform, washed with water and 
dried. The chloroform extracts were combined and the solvent removed by rotary-evaporation to 
yield a clear oil which solidified on standing. The resulting white solid was triturated with 
anhydrous diethyl ether, collected by filtration and dried over silica gel in vacuo. Recrystallization 
from a chloroform/ethanol mixture afforded S6-pip as a white crystalline compound. Yield: 4.6 g, 
40%. Mp 93-95°C. Analytical data calculated for C18H32N2S6: C, 46.0; H, 7.0; N, 5.8 %. Found: 
C, 46.1; H, 6.9; N, 6.0 %. 1H NMR (200 MHz, CDC13, T = 298 K) 6 4.24 (s, 4H,-NCH2-), 3.82 
(s, 4H,-NCH2-), 3.53 (m, 4H, -CSCH2-), 2.90 (s, 4H, -CH2SCH2-), 2.85 (m, 4H, -CH2SCH2-), 1.67 
(s, 8H, l3-NCH2), 1.54 (s, 4H, y-NCH2) ppm. IR (nujol mull, KBr disk, cm·
1) 1473(s), 1451(s), 
1441(s), 1427(vs), 1348(m), 1278(s), 1257(m), 1242(vs), 1227(vs), 1189(m), 1128(m), 1116(m), 
1066(w), 1005(s), 976(s), 946(w), 927(w), 889(m), 849(m), 800(w), 752(w), 732(w), 722(w), 680(m), 
607(m), 508(w), 415(w), 394(w). Parent ion peak at m/e 468. 
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N,N,N',N'-tetrakis(benzyl)-2,5,8, 11-tetrathiadodeca-1, 12-dithioamide (S6-diben): 
This compound was prepared in a similar manner to that described above. The CS2 (2.5 cm3, 26 
mmol, Merck) was added dropwise to a solution of dibenzylamine (9.5 cm3, 46 mmol, Aldrich) in 
50 cm3 absolute ethanol. After allowing the solution to stir for 15 min., a solution of 1,8-dichloro-
3,6-dithiaoctane (2.47 g, 11 mmol) in 15 cm3 dichloromethane was added dropwise. The reaction 
mixture was heated under reflux (70°C) for 5 hours and then allowed to cool to room 
temperature. A white solid which precipitated out on cooling was collected by filtration and dried. 
The solvent from the filtrate was removed by rotary-evaporation. The combined solid residues 
were dissolved in chloroform and washed several times with water to remove the dibenzylamine 
hydrochloride. The organic phase was separated, dried (Extrelut, Merck), and the chloroform 
removed by rotary-evaporation to yield a viscous oil. The oily residue was treated with anhydrous 
diethyl ether whereupon a white precipitate separated. The precipitate was collected by filtration, 
dried and identified, by means of 1H NMR spectroscopy, as a dibenzylamine dithiocarbamate salt. 
Hence, in contrast to S6-pip, the podand S6-diben is soluble in diethyl ether. The ether extract 
was evaporated to dryness affording an oil which was taken up in 5 cm3 chloroform and the 
·compound was purified using column chromatography (silica gel, Merck), with chloroform as 
eluant. The reasonably pure compound was obtained as an oil which solidified on standing. 
Attempts to try and recrystallize the compound were not successful. Yield: 1,2g, 15%. Mp 59-
. 61°C. 1LC (silica gel, CHC13) Rr0.70. Analytical data calculated for C36H,wN2S6.2H20: C, 59.4; 
H, 5.5; N, 3.7 %. Found: C, 59.3; H, 5.0; N, 3.8 %. 1H NMR (200 MHz, CDC13, T = 298 K) 6 
7.32 (m, 20H, C6H5-), 5.30 (s, 4H, -NCHz-), 4.88 (s, 4H, -NCH2-), 3.60 (m, 4H, -CSCH2-), 2.89 (m, 
4H, -CH2SCH2-), 2.86 (s, 4H, -CH2SCH2-) ppm. IR (nujol mull, K.Br disk, cm·
1) 1641(m), 
1601(m), 1584(m), 1492(vs), 1460(vs), 1450(vs), 1435(vs), 1409(vs), 1349(s), 1329(w), 1259(s), 
1208(vs,br), 1141(s,br). 1077(s), 1003(s), 965(s), 926(s), 876(m), 817(m), 748(s), 731(s), 696(s), 
620(s), 552(m,br), 515(s), 455(w), 407(w). Parent ion peak at m/e 693. 
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II: PHYSICAL METHODS 
The following instruments and experimental methods were used throughout this study for the 
identification, characterization and structural elucidation of the podands and their corresponding 
complexes in solution and the solid state. 
Microanalysis 
Microanalyses for . %C, %H and %N were performed on a Heraeus Universal Combustion 
Analyser, Model CHN-Micro, by Mr W.R.T. Hempsted and Mr P. Benincasa of the Department 
of Chemistry, University of Cape Town. 
Melting point determination 
All melting points were determined on a Riechert Thermovar hot-stage microscope and are 
uncorrected. 
Nuclear magnetic resonance (NMR) spectroscopy 
1H and 13C NMR spectra were obtained on a Varian VXR.-200 pulse Fourier transform 
spectrometer operating at frequencies 200.02 and 50.31 MHz, respectively. The instrument is 
equipped with a variable temperature controller and the temperature is monitored by means of 
a thermocouple near the sample. Unless otherwise stated, the probe temperature for all 
experiments was 25 ± 1 °C. All samples were prepared using deuterated solvents purchased from 
Aldrich Chemical Company and Merck, Darmstadt, using 5mm NMR tubes throughout. Chemical 
shifts are reported in parts per million (ppm) relative to an internal standard tetramethylsilane 
(TMS). In some cases, however, where TMS was not added to the solution, the chemical shifts 




Mass spectra were recorded on either a VG Micromass 16M mass spectrometer at the Department 
of Chemistry, University of Cape Town or at the mass spectral unit of the Department of Organic 
Chemistry, University of Stellenbosch. 
Infrared (IR) spectrophotometry 
Infrared spectra were measured from 4000 - 300 cm·1, as either nujol mulls or neat liquids with 
KBr disks or Csl pressed disks, on a Perkin-Elmer 983 Infrared spectrophotometer. 
Ultra-violet and visible spectrophotometry 
Electronic spectra were recorded on a Varian Superscan 3 UV-visible spectrophotometer in the 
absorbance mode using 1.00 cm matching quartz cells. 
Fluorescence spectrophotometry 
All fluorescence spectra were obtained with a Kontron SFM 25 spectrofl.uorimeter equipped with 
an X-Y plotter (Kontron 800). Quartz cells (1.00 cm) were used and the samples were kept at 
25 ± 0.1 °C by water circulated from a thermostatically regulated bath. 
Thin-layer chromatography (TLC) 
Thin-layer chromatography was performed on silica gel sheets 60F254 (Merck, Darmstadt) or 
alumina sheets. Iodine vapour was used for spot development. 
X-ray crystallography 
During the course of this study, crystals suitable for single crystal X-ray diffraction analysis were 
obtained for the following compounds: The potassium tosylate and potassium isothiocyanate 
complexes of N20 4, [(N20 4).KTosylate] and [(N20 4).KNCS], the hydrated diprotonated salt of 
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N20 4, [ {(N20 4).2H+ }(H20)i](BF4)i, thecopper(II) complex of N20 2S2, [Cu(N20 2S2)](Cl04) 2 and 
the bis(N-piperidyldithiocarbamato )copper(III) hexafluorophosphate complex, [Cu(pipdtc h]PF 6• 
The crystal structures of the first two complexes were determined personally under the supervision 
of Dr Margaret Niven. The crystals of the other compounds were submitted to the Department 
- of Crystallography, University of Cape Town, for X-ray diffraction analysis. The structure of 
[{(N20 4).2H+}(H20)i](BF4) 2 was solved by Dr Steven J. Archer and the structures of 
[Cu(N20 2S2)](C104) 2 and [Cu(pipdtc)i]PF6 were determined by Professor Mino R. Caira. Hence, 
the experimental details of the preliminary X-ray analyses, the collection of the intensity data, the 
solution and refinement for the structural analyses of only [(N20 4).KTosylate] and ((N20 4).KNCS] 
will be given in full. These details are given in Chapter 5, Section A 
The instruments and details pertaining to the equipment used in the X-ray structural analyses are 
summarized in Table 2.2. 
TABLE 2.2 Details pertaining to the equipment used in the X-ray structural analyses 







Single Crystal Diffractometry 
Radiation 





CuKa: p. = 1.5418 A) 
Stoe 
28.65mm 
Philips (PW1120, PW1140) 
40kV, 20mA 
3M medical film 
Mo~ ( .t = 0.07107 A) 
Enraf-Nonius CAD4 




All computations were performed on either a Univac 1106 or V AXNMS 8550 computer system 
located at the computer center of the University of Cape Town. 
The program P ARST [7] was used to calculate geometrical parameters. 
Molecular illustrations and projections were produced by the program PLUTO [8]. 
Computer-simulated space filling diagrams of the crystal structures were obtained using the 
computer program ALCHEMY II [9]. These diagrams were generated using an IBM compatible 
micro-computer linked to an Hewlett-Packard plotter. 
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PART I 
OLIGOETHER AND OLIGOTHIOETHER PODANDS 
WITH QUINOLYLOXY TERMINAL GROUPS 
CHAPTER3 
CHARACTERIZATION OF N20 4 AND N20 2S2 
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3.1 Introduction 
NMR spectroscopy provides an extremely effective and valuable technique for the structural 
elucidation of organic and inorganic compounds in solution [1 ,2]. Vogtle and coworkers have 
shown that this technique has proved extremely useful for the characterization of numerous 
podands and their complexes in solution [3]. 
Since N20 4 is an oil and N20 2S2 a microcrystalline powder it has not been possible to establish 
the structures of these podands crystallographically. Consequently, NMR spectroscopy has been 
used for the structural elucidation of these podands, as well as for studying their coordinating 
properties and their conformational rearrangements upon protonation and complexation. 
Recently, the importance of ligand-solvent interactions has been recognized as several studies have 
shown that crown ethers and podands can form well-defined stoicheiometric complexes with 
neutral organic molecules in solution and the solid state [4-6]. The neutral organic molecules that 
form such complexes all contain either polar 0-H bonds (e.g. water and alcohols), polar N-H 
bonds (e.g. urea, thiourea and amides), or polar C-H bonds (e.g. acetonitrile, nitromethane, 
malonitrile, dimethyl sulfoxide and chloroform) [ 6]. The formation of these complexes was 
attributed to the hydrogen bond formation between the donor atoms of the ligand and the guest 
molecules and this has been confirmed by crystallographic studies [4,6]. 
Thus it seemed reasonable to expect that the podands N20 4 and N20 2S2 might interact with the 
solvent molecules in solution. The characterization of these podands by means of NMR 
spectroscopy was therefore carried out using various solvents in order to gain further information 
about these ligands in solution. 
It is well-known that studies on solvent-solute interactions involving non-aqueous media are 
complicated and as a result not easy to predict [7]. Hence in order to rationalize the possible 
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solvent effects so that structural information may be deduced from these solution studies, it is 
expedient to consider the theoretical aspects of solvent effects in NMR as well as the 
characterization of the solvating properties of non-aqueous solvents . ., 
Background theory 
Solvent-solute interactions in solution can, in general, be thought of as the formation of a 
transitory solvent-solute 'complex' that biases the otherwise random distribution of solvent 
molecules around the solute. This can lead to preferred mutual orientations of the molecules 
especially when dealing with polar or polarizable molecules, resulting in conformational 
rearrangements of the solute molecules in different solvents. Furthermore, the importance of 
cation salvation, especially in the case of alkali metal cations [8], can influence the complexed 
cation-anion ion-pair interactions in solution, which may alter the conformation of the bound 
podand in the complex. Variation of the solvent medium can therefore be very useful in 
comparing the behaviour of uncomplexed and complexed ligands in solution. 
3.1.1 Solvent effects in NMR spectroscopy 
In NMR spectroscopy the primary sources of information are the chemical shifts of the magnetic 
nuclei examined and the spin-spin coupling constants. Simplistically, the chemical shift of the 
resonance frequency of an individual nucleus is influenced by the distribution of the electrons in 
the chemical bonds in the molecule and is therefore dependant upon molecular structure, whereas 
the coupling constants reflect the interactions between the nuclei [1,2]. Solvent-solute interactions 
may result in subtle changes in the electronic structure of the solute and hence the chemical 
environment of the magnetic nucleus. This, in tum, will affect the value of the chemical shift and, 
in some cases, the value of the coupling constant. 
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(i) 1 H NMR chemical shifts and coupling constants 
Proton chemical shifts are kriown to be sensitive to solvent effects [1,2]. The total effect of the 
solvent medium on the proton nuclear shielding (a) has been expressed as the sum of five terms 
[9]: 
a(solvent) = a8 +aw+ aA + ae + aH (3.1) 
where: (i) a8 is the contribution of the bulk susceptibility of the medium and is generally taken 
as zero when using an internal reference ( e.g. tetram~thylsilane, TMS), assuming that the 
reference compound itself is not subject to solvent interactions. 
(ii) The aw term arises from the effect of weak van der Waals forces between the solute and 
solvent molecules. These weak interactions can distort the symmetry of the electronic 
environment of a given nucleus and in general is predicted to result in a downfield shift. 
(iii) The a A term refers to the magnetic anisotropy in the solvent molecules and arises from the 
non-zero orientational averaging of the solvent molecules with respect to the solute. The 
magnetic anisotropy associated with aromatic rings and groups such as C=C, C=O, C=C, C=N, 
S=O and N02 cause especially large effects. While it is difficult to isolate this effect from others, 
studies have shown that aromatic solvents usually lead to upfield shifts, whereas solvents 
containing double or triple bonds lead to downfield shifts [1,2]. 
(iv) The term ae arises from the effect of an electric field on the nuclear shielding. Buckingham 
et al. [9] have shown that when a polar molecule or molecule containing polar groups is dissolved 
in a medium of high dielectric constant it induces a 'reaction field', the effect of which is usually 
to reduce the shielding around a proton in the solute. Thus ere ordinarily results in a downfield 
shift, but could lead to upfield shifts for certain molecular geometries depending on the position 
of the nucleus relative to the polar groups in the solute molecule. 
(v) The aH term refers to specific solute-solvent interactions, the most important of which is 
hydrogen bonding. 
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There are thus four factors which may contribute significantly to the corrected chemical shift of 
a solute proton in solution. The extent to which any or all of these effects contribute will depend 
on the nature of the solute-solvent system [1]. For solvents with large diamagnetic anisotropies 
and in the absence of hydrogen bonding, a A is considerably larger than the aw and aE 
contributions. For polar molecules in solvents with high dielectric constants the aE contribution 
may amount to 1 ppm and in some cases may be indistinguishable from weak hydrogen bonding 
effects. The a8 which requires a relatively acidic proton in the molecule, is generally the largest 
of the four contributions. The predicted solvent effects may therefore be useful in structural 
elucidation. However, as with most empirical generalizations, one has to be aware that the solvent 
effects may in some cases not yield the expected result. Steric effects, for example, can sometimes 
substantially modify the expected orientations of the interacting solute-solvent pair. 
While solvent effects on proton chemical shifts can be quite large, the effect of solvents on 
coupling constants is usually small [1 ,2). The magnitude of the vicinal coupling constants depends 
upon four factors [2): 
1) The dihedral angle, 0, between the C-H bonds under consideration (a); 
2) The bond length, Rµ,,. (b); 
3) The H-C-C valence angles, 0 and 0', (c); 
4) The electronegativity of the substituent R on the H-C-C-H moiety, ( d). 
~H 
(a) (b) 




The dependence of the vicinal coupling constants on the dihedral angle, 0, can be described by 
the well-known Karplus relation [10]: 
(3.2) 
where A,B and C are constants with values 4.22, -0.5 and 4.5. 
The observed vicinal coupling constants in some ethane [11] and propane [12] derivatives have 
been found to vary with solvent. In such cases the observed vicinal coupling constant, 3J, is the 
weighted average of the 3J's for the various conformers, so that the observed changes in the vicinal 
coupling constant reflect mainly the effect of the solvent in altering the relative proportions of the 
conformers. 
(ii) 13c NMR chemical shifts 
Carbon-13 chemical shifts are known to be sensitive to conformation and relatively less sensitive 
to perturbations such as solvent effects compared to proton chemical shifts [13]. Specific solute-
solvent interactions can, however, lead to a marked alteration in the conformation of the solute 
molecule and thus may be reflected in small changes in the 13C chemical shifts. 
The 13C chemical shifts can, for convenience, be expressed in terms of the shielding parameter a 
as the sum of intermolecular and intramolecular terms [13]: 
(3.3) 
The ainter term results from magnetic fields that are induced on the atoms of the medium 
surrounding the solute molecules. The aintra term can be viewed as an intrinsic property of the 
solute in the solvent medium under consideration. A change in solvent may, however, alter the 
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a- t value to the extent that the electronic distribution of the solute molecule is perturbed, in mra 
which case the solvent effect on the chemical shift will be associated primarily with a change in 
a -
1 
The a - t term can be described in terms of localized shielding contributions [13]: m ra· m ra 
(3.4) 
The first term, ae,, is associated with currents in the local electronic distribution about the nucleus 
in question. The second term, a A> is due to the neighbour-anisotropy effect, which is meant to 
encompass all of the effects due to magnetic fields associated with electronic currents that 
circulate about atoms other than the one to which the relevant nucleus belongs. 
The chemical shift associated with a change in the electronic environment of the nucleus, which 
may be due to either structural and/or solvent changes, can be represented as follows [13]: 
(3.5) 
In describing the solvent effect, all three contributions have to be considered, although the Sinter 
contribution is in general expected to be small. Furthermore, except in cases in which a change 
in solvent brings about a marked alteration in conformation or in the conformational distributions 
of highly anisotropic groups, the effect of a solvent change upon 6A should also be small. As a 
result solvent effects on 13C chemical shifts will largely fall into the 6e1 category. 
The 6e1 can conveniently be separated further into four contributions [13]: 
(3.6) 
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The 5E term is the effect that changes in the electronic bonding framework may have on the local 
electronic distribution and shielding of the relevant nucleus. The electric field term, 5FE, is 
associated with differences in through-space influences that polarized regions of the two relevant 
species can exert on the local electronic distribution and shielding of the nucleus. The steric term, 
5sr, is associated with perturbations of the local electronic distribution and shielding of the 
nucleus due to steric effects. The last term, 5MIS• includes miscellaneous electronic influences that 
are not properly accounted for in the other terms. 
Thus depending on the nature of the solute and solvent, strong solute-solvent interactions would 
be expected to lead to changes in the 13C chemical shifts, especially if these interactions result in 
a change in the conformation of the solute molecule. 
3.1.2 Characterization of the solvating properties of non-aqueous solvents 
The interactions between the solvent and solute are the result of a number of different specific 
( coordination, hydrogen bonding) and non-specific (electrostatic) factors [7]. It has therefore not 
been possible to find a single physical parameter characterizing the solvent, which in itself could 
rationalize the salvation process. Accordingly, several empirical parameters have been introduced 
to characterize the solvent effect. For example, the solvent polarity concept, which is based on 
the dielectric constant ( E) values, and the Gutmann donor number concept, which is related to 
the thermodynamic measurements of the solvating ability of the solvents, have been used for the 
general systematizing of the donor properties of non-aqueous solvents [7]. 
The energy change associated with the salvation of ions can be represented as the sum of two 
energy terms [14]. The first term, which constitutes the main energy contribution, arises from the 
polarization of the solvent molecules in the continuous dielectric medium. This energy 
contribution is large but unspecific and usually only small differences are observed for different 
solvents. This quantity may be estimated on the basis of electrostatic models. The simplest 
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approach is provided by the Born equation (3.7) which relates the free enthalpy of salvation /1Gsv 
to the radius r of the ion and the dielectric constant E of the solvent [15]: 
(3.7) 
where e is the electronic charge, z is the charge on the ion and NA the Avogadro number. 
The second energy term is due to specific ion-solvent interactions in the inner salvation shells of 
the ions. This energy contribution is much smaller but may show comparatively large differences 
in different solvents. It is therefore largely responsible for the specific differences in the salvation 
power of solvents and can be described by means of the donor properties of the solvents ( donicity 
concept) [10]. 
Since the most general of the specific solvent-solute interactions is the Lewis acid-base interaction, 
solvent strength scales of general validity have been provided by model systems in terms of some 
experimental parameter which reflects a variation dependent only on the donor or only on the 
acceptor properties of the solvent. However, donor-acceptor interactions are affected not only 
by the Lewis acid and base strengths, but also by other, steric and electron structural, factors which 
may distort the solvent scale [7]. 
Currently the most widely used and successful donor strength scale is the Gutmann donicity scale 
[17]. Gutmann's proposed donicity value, DN, is based on the enthalpy of the 1:1 complex 
formation between a dilute solution of a given solvent and antimony(V) pentachloride in 1,2 
dichloroethane. 
S + SbC15 S.SbC15 -11Hs.sbas = DN 
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The DN values have been determined calorimetrically and are expressed in kcal/mol. The donicity 
expresses the total amount of the donor acceptor interaction, including both the dipole-dipole and 
ion-dipole interactions as well as certain steric properties of the solvent molecules. 
Experimental data reflecting solvent-solute interactions have shown good correlation with the 
Gutmann donicity values [7]. For example, Erlich et al. demonstrated that the 23N a NMR 
chemical shift for sodium perchlorate and sodium tetrafluoroborate, measured in various donor 
solvents, displays a linear correlation with the donicities of the solvents [18]. A similar correlation 
has been shown by multinuclear NMR studies of other alkali metal ions in non-aqueous solvents 
[19]. 
In the present work, the dielectric constants ( E) and the Gutmann donor numbers (DN) will be 
used to distinguish the solvating properties of the non-aqueous solvents. The E and DN values 
of the solvents used here are given in Table 3.1. 






















3.2 Proton NMR Studies of the uncomplexed Podands N20 4 and N20 2S2 
3.2.1 Proton NMR studies of 1,8-bis(quinolyloxy)-3,6-dioxaoctane (N20 4) 
The 1H NMR spectrum of the podand 1,8-bis(quinolyloxy)-3,6-dioxaoctane (N20 4) in CDC!3, 
shown in Figure 3.1, consists of 2 multiplets and a singlet in the 3.6 - 4.6 ppm region and 
multiplets of the quinoline moieties in the 7.0 - 9.0 ppm region. The assignments of the resonance 
peaks, according to the numbering scheme given in Figure 3.1, are consistent with those reported 
for related podands [21 ,22] and 8-hydroxyquinoline [23,24] in CDC13• 
The multiplets for the methylene protons, HAA' and H88., are characteristic of a four spin AA'BB' 
coupled system [2]. The average values of the vicinal coupling constants: JAB = J A'B' = 5.2 Hz 
and J A'B = JAB' = 3.8 Hz, estimated directly from the spectrum as well as by means of an NMR 
analysis computer program (NMR SUBMISSIONS [25]), are typical for those observed for a 


















































































































































































































The related substance 1,4-dioxane [11] as well as the -OCH2CH20- fragments in certain crown 
ethers [26,27,28] , which are known to undergo similar gauche rotamer interconversion, exhibit 
similar coupling constants: 1,4-dioxane: JAB = 6.05 Hz, J A 'B = 2.7 Hz and crown ethers: JAB = 
5.7 - 6.3 Hz, J A'B = 2.1 - 3.7 Hz. 
The protons of the quinoline moieties give rise to two almost independent spin systems, those in 
the 'pyridine ring' showing AMX structure and those in the 'phenolic ring' ABC, where the 
protons of the pyridine ring are deshielded relative to those attached to the phenolic ring [23,24]. 
The low shielding of the H2 protons relative to the H3 and H4 protons has been explained in terms 
of the ,r-electron distribution within the heterocyclic ring as well as the magnetic anisotropy and 
local dipole moment associated with the nitrogen lone pair [29-31]. 
The flexibility of the podand will allow the molecule to adopt several conformations in solution. 
The 1H NMR spectrum therefore represents the weighted average of the participating conformers, 
as the conformational equilibria are rapid on the NMR time-scale. In view of the polar nature 
of the ethyleneoxy fragments, the polar and polarizable character of the nitrogen lone pair as well 
as the ,r-acceptor ability (polarizability) of the quinoline moieties, the relative populations of the 
various conformers of N20 4 in solution may be expected to depend on the donor property of the 
solvent, as specific solvent-solute interactions could lead to preferred mutual orientations of the 
molecules in solution. 
Furthermore, it is generally known that aromatic molecules have a strong tendency to interact with 
each other through ,r-electron (base stacking) interactions [32-38]. For example, such interactions 
have been found to play an important role in the specificity of helix formation by strands of 
nucleic acids [32], as well as lead to molecular association of aromatic molecules, such as benzene, 
quinoline and other heterocyclic compounds, in solution [33-38]. NMR spectroscopy has been 
found to be an extraordinarily sensitive method ~or studying systems of this kind. The reason for 
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this is the large magnetic anisotropy of aromatic molecules, also commonly referred to as the 'ring 
current' effect [1 ,2]. 
The magnetic anisotropy associated with the ring currents in neighbouring aromatic molecules 
results in shifts to high field with concentration. This has been explained in terms of a simple 
model in which an aromatic molecule can be envisaged as a current loop where the ,r-electrons 
are free to move on a circle formed by the a framework [1,2]. Because of the mobile 1r-electrons, 
a large diamagnetic current is induced in the plane of the ring by an external magnetic field when 
the field is perpendicular to the plane of the molecule. This ring current gives rise to a small 
secondary field at the peripheral protons in the plane of the ring. In the region directly above and 
below the molecular plane, the external and induced fi~lds are however opposed. As the 
concentration of the solution of aromatic containing molecules is increased, the average distance 
between the molecules decreases and the protons of a given molecule will experience the 
secondary magnetic fields produced by the ring current of neighbouring molecules, the dipole field 
being inversely proportional to the cube of the distance. Since it is much more probable to find 
a molecule situated somewhere above or below the molecular plane of another aromatic molecule 
due to the disk-shaped nature of aromatic molecules, this magnetic anisotropy of the ring current 
effect will lead to an upfield shift with concentration or downfield shift upon dilution. Dilution 
shifts of the order of 1 ppm have been observed for nucleic acids in aqueous solution [32] and for 
benzene and other heterocyclic compounds in going from the pure liquid to infinite dilution in 
non-aqueous solvents [33-38]. The proton NMR spectra of these compounds have therefore been 
found to be dependent on both concentration and solvent effects. 
In the present case, since N20 4 has two quinoline moieties linked together by an oligoethylene 
chain, base stacking interactions can presumably take place through either (a) intermolecular 
stacking interactions or (b) intra molecular stacking interactions. 
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(a) (b) 
In the former case, the 1H NMR spectrum would be expected to be significantly dependent upon 
concentration. On the other hand, the intramolecular stacking interactions may conceivably be 
more dependent upon the dielectric constant and donor property of the solvent and considerably 
less dependent upon concentration effects. Based on these assumptions, it may be possible to 
distinguish these two interactions by studying the effect of concentration on the 1H NMR 
spectrum of N20 4• 
(i) Concentration effects 
The possible dependence of the 1H NMR spectrum of N20 4 in CDC13 on the solute concentration 
was examined over the concentration range of 0.3 - 1.5 x 104 M. All the shifts were strictly 
referenced to 1MS, assuming the latter is only slightly perturbed by concentration changes. Upon 
dilution, changes in the chemical shifts are observed for all the ligand protons as well as the CDC13 
resonance peak. Graphical representations of the dilution shifts for selected protons are 
illustrated in Figure 3.3, where the chemical shift is plotted against the ligand concentration. The 
· magnitude of the total shifts are however in general very small: H2: 0.04; H4: 0.03; H35 6: 0.03; H7: , , 
0.05; HAA.: 0.04; H88,: 0.04; Hee= -0.01 and CDC13: -0.05 ppm, where all the protons, with the 
exception of the Hee proton and the CDC13 resonance peak, experience a downfield shift upon 
dilution. 
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Figure 3.3 Graphical representations of the concentration dependence of the proton chemical 
solvent resonance peak within the concentration range 5 x 104 - 0.3 M. Chemical shifts are 
measured relative to TMS at T = 298K 
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The inherent uncertainty in any 1 H chemical shift measurement has been estimated to be ± 0.005 
ppm. Since the Hee resonance peak undergoes negligible shifts upon dilution, a reasonable 
estimate of the largest possible chemical shift error associated with the measurements can be taken 
to be twice the standard deviation (2a) calculated for the Hee resonance within the dilution 
range. Using this criterion, the relative magnitudes of the total shifts observed for the other 
protons of N20 4 and the CDC13 resonance peak are at least three to five times greater than the 
2a calculated for Hee (2a = 0.01 ppm) and therefore cannot be considered negligible. 
Although all the resonance peaks of N20 4, excepting Hee, are shifted downfield upon dilution, 
the magnitudes of the total shifts are considerably smaller than those observed for aromatic 
compounds that are known to associate through base stacking interactions ( ± 1 ppm) [32-38]. 
The very small shifts observed for the N20 4 protons imply that the intennolecular interactions 
between the quinoline moieties are very weak, if present at all. 
The reasons for these small shifts are not fully understood but there are at least two possible 
explanations. (a) The molecules are not fully extended in solution in which case the quinoline 
groups could not associate through intennolecular stacking interactions but rather through 
intra molecular stacking interactions. (b) The molecules are extended in solution but the 
intermolecular stacking interactions between the quinoline groups are very weak owing to 
competing solvent interactions. 
Considering the second explanation first, the solvent effect can perhaps be accounted for by the 
shifts observed for the CDC13 resonance peak upon dilution. Moreover, several studies have 
shown that the base stacking interactions between aromatic molecules are dependent upon solvent 
effects. For example, NMR studies on the concentration dependence of the NMR spectra of 
nucleic acids have shown that the stacking interaction of aromatic molecules is not favoured in 
non-aqueous solvents [32]. This pronounced solvent effect was explained in terms of the following 
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three competitive processes: (i) solute-solute interactions; (ii) solute-solvent interactions and (iii) 
solvent-solvent interactions. In solvents where (ii) and (iii) do not predominate, as in aqueous 
solutions, the hydrophobic solute molecules are encouraged to interact. Conversely, where 
solvent-solute interactions are favoured, the molecules cannot associate as readily. 
The chemical shifts of quinoline have also been found to be dependent upon concentration as well 
as solvent effects [36-38]. In acetone the proton resonances of quinoline are shifted downfield 
(0.2 - 0.4 ppm) upon dilution, while in benzene they are shifted considerably upfield (0.6 - 0.7 
ppm). The relative shifts for the individual protons within the quinoline ring were found to vary, 
the solvent effect being more pronounced for those protons which are furthest from the nitrogen 
atom of the quinoline molecule. The variation in the shifts have been explained in terms of the 
presence of the polar nitrogen and the diamagnetic anisotropy associated with the lone pair on 
the nitrogen, where the electronic repulsion between the lone pair on the nitrogen and the ,r-
electrons of the aromatic molecules result in partial stacking of the molecules. 
In the present case, the CDCl3 molecules can interact with both the ethyleneoxy and quinoline 
fragments of the ligand, based on the following observations. Firstly, it has been suggested that 
in diethyl ether the hydrogen atom of chloroform may form weak hydrogen bonds with the ether 
oxygen atom giving rise to a downfield shift of the chloroform proton resonance [33]. Secondly, 
in benzene the chloroform is thought to interact weakly with the benzene molecule which 
functions as a ,r-electron donor, as shown below. The hydrogen atom of chloroform is presumed 
to be on average perpendicular to the molecular plane of the aromatic molecule and therefore 
experiences an upfield shift due to the ring current effect [33]. 







Finally, chloroform can also interact with the nitrogen lone pair through hydrogen bonding [39]. 
This would be expected to result in a downfield shift of the CDC13 signal. The interactions 
between CDC13 and the ligand could therefore result either downfield or upfield shifts of the 
CDC13 resonance peak, depending on which interaction predominates. 
It may thus be possible to infer that the intermolecular stacking interactions are inhibited by partial 
stacking of the quinoline moieties owing to the polar nitrogen atoms as well as competing solute-
solvent interactions. 
The results can however also be interpreted in terms of'explanation (a). This is based on the 
observation that the 1H NMR spectrum of N20 4 in CpC13 closely resembles that of the 
corresponding potassium tosylate complex of this ligand (see Chapter 5). The ligand, according 
to crystallographic studies, adopts a helical arrangement around the potassium ion with the two 
quinoline rings almost perpendicular to each other (Chapter 5). On this basis, it is thus tempting 
to assume that the N20 4 molecules adopt an average conformation which resembles that of the 
potassium tosylate complex; the terminal groups associating through intramolecular stacking 
interactions. Since intramolecular stacking interactions are not expected to depend significantly 
on the concentration of the ligand in solution, this could account for the small shifts observed 
upon dilution. 
Although there does not appear to be sufficient information available to choose unambiguously 
explanation (a) over (b), the former explanation is favoured on account of the following reasons. 
Since intermolecular stacking interactions would be expected to depend significantly upon 
concentration effects, the extremely small shifts would appear to discount such interactions. 
Furthermore, the similarity of the 1H chemical shifts for N20 4 and the potassium tosylate complex 
of N20 4 in CDC13 suggests approximately similar conformations in solution, so that it may not be 
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unreasonable to conclude that on average the podand adopts a non-extended conformation in 
solution in which the quinolyl moieties are intramolecularly stacked to some extent. 
(ii) The effect of different solvents 
The 1H NMR spectrum of N20 4 was recorded in five deuterated solvents: CDC13, CD3N02, 
CD3CN, CD3COCD3 and DMSO-d6, at 25°C, with TMS as the internal standard. The proton 
spectra are illustrated in Figure 3.4 and the chemical shift data of N20 4 in the different solvents 
are summarized in Table 3.2. The chemical shifts for the protons in the 2, 4, 7, AA' and BB' 
positions are given for the centers of the multiplet resonances, whereas for the protons in the 3, 
5 and 6 positions the chemical shift range is given because of the near equivalence of these 
protons. 
Comparison of the proton spectra in the various solvents shows that differences in both the 
chemical shifts and coupling constants are observed. To illustrate these changes more clearly, the 
chemical shifts for the protons of N20 4 in CDC13 were chosen as reference points to see how 
these shifts were altered in magnitude and direction in the other solvents. CDC13 was chosen as 
the reference solvent as it has the lowest dielectric constant and, according to the Gutmann 
donicity scale, the weakest donor properties. Furthermore, the chloroform molecule does not have 
anisotropic structural groups, as in the case of the other solvents. Although it is known from the 
previous section that CDC13 does, albeit weakly, interact with N20 4, the solvent interactions would 
be expected to be greater in the more polar or more strongly donating solvents. The chemical 
shift differences, L\oHn = oHn(CDC13) - oHn(solvent), are given in parentheses in Table 3.2, 
where the negative sign designates a downfield shift relative to the corresponding proton 
resonance in CDC13• 
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The quinoline protons are all deshielded relative to those in CDC13, with the exception of the H2 
protons. The chemical shift difference between the H2 and H4 protons, 
increases in the order: CD3N02 (0.52) < DMSO-d6 (0.57) < CD3COCD3 (0.61) = CD3CN (0.62) 
< CDC13 (0.82ppm). The upfield shift for the H2 proton resonance is greatest in CD3N02, while 
the downfield shift for the H4 resonance is the largest in DMSO-d6. Similar chemical shifts trends 
have been observed for quinoline in acetone solution [36], where all the proton resonances are 
shifted downfield relative to those observed for the pure liquid, with the exception of the H2 
proton. 
For N20 4, the specific solvent-solute interactions which could contribute to the solvent induced 
shifts of the quinoline proton resonances are: (a) hydrogen bonding with the lone pair on the 
nitrogen [31,39,40] and (b) interaction with the 'TT-electron density associated with the aromatic 
rings [33,34]. It has been shown that hydrogen bonding interactions between the solvent 
molecules and the lone pair of electrons on the nitrogen atoms of pyridine and quinoline generally 
result in a marked downfield shift of the resonances of the H3 and H4 protons, whereas the H2 
protons shift very little [31,39,40]. These shifts are governed by a reduction in the magnetic 
anisotropy of the nitrogen atom and smaller influence of the nitrogen atomic dipole, resulting in 
an upfield shift of the H2, H3 and H4 protons. At the same time, changes in the 'TT-electron 
density due to hydrogen bond formation leads to inductive deshielding of the ring protons. A 
combination of these two effects results in a net deshielding of the pyridine ring protons in the 
order 2 < 3 < 4. This results in a decrease in the chemical shift difference between the H2 
protons and the H3 and H4 protons, the difference depending on the hydrogen bonding strength 
of the solvent medium. Similar trends are observed for the quinoline protons of N20 4 in the 
I 
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various solvents, in which the chemical shift differences between the Hz and H4 proton resonances 
While the interaction between chloroform and aromatic molecules is thought to involve a weak 
hydrogen bond with the hydrogen of chloroform directed normal to the molecular plane of the 
aromatic molecule, the interaction between the polar solvent molecules and the quinoline groups 
can be described in terms of a dipole-induced dipole interaction [33]. An example is given by the 




The dipole-induced dipole interactions between the polar solvent molecules and the quinoline 
rings of Nz04 will result in a deshielding of the quinoline protons. This effect will be more 
pronounced for those protons which are furthest removed from the nitrogen atom. As a result, 
the downfield shifts of the Hz, H3 and H4 proton resonances, relative those in CDC13, will be 
expected to increase in the order Hz < H3 < H4, which is indeed observed. 
Hence, the variation of the observed chemical shifts for the quinoline protons of Nz04, with 
increasing polarity and donor properties of the solvents, may be explained in terms of hydrogen 
bonding interactions between the solvent molecules and the lone pair on the nitrogen as well as 
the dipole-induced dipole interactions between the solvent molecules and the quinoline terminal 
groups. 
In addition to specific solvent-solute interactions, the mutual polarization of solute and solvent 
molecules and the resulting reaction field in the various solvents have to be considered. The 
polarizabilities of the solvents employed in this work are reflected in their dielectric constants (see 
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Table 3.1). Buckingham's reaction field theory predicts a deshielding of the H3 and H4 protons 
relative to the H2 protons of the 'pyridine ring' as the dielectric constant of the solvent is 
increased [9]. The solvent induced shifts of the quinoline protons of N20 4 relative to CDC13 
suggest that the reaction field effect and therefore the dielectric constant of the solvent is an 
important factor controlling the solvent shifts of the H2, H3 and H4 protons. 
The spectra in Figure 3.4 also show that the splitting pattern of the multiplets for the quinoline 
protons differ in the various solvents. The appearance of the multiplets in the AMX and ABC 
spin systems are not only determined by the coupling constants but also by the shift differences 
between the coupled nuclei [2], which do alter appreciably in the various solvents. As a result of 
the overlapping signals of the H5 and H6 protons and the importance of the chemical shift 
differences of the protons, no attempt has been made to determine the exact coupling constants 
associated with the quinoline ring protons. 
The solvent effect on the chemical shifts of the methylene protons is not as pronounced as that 
observed in the aromatic region. The chemical shift positions in the CD3COCD3 and CD3N02 
solutions are almost identical to those in CDCl3, while in CD3CN and DMS0-d6 the HAA' and 
H88, protons are 0.1 ppm upfield and the Hee protons 0.05 ppm upfield relative the 
corresponding proton resonances in CDC13• In CD3N02, CD3CN, CD3COCD3 and DMS0-d6 the 
-OCH2CH20- ethyleneoxy fragments retain their AA'BB' character and feature of gauche rotamer 
interconversion, however, a decrease in the coupling constants JAB and J A'B is observed: JAB = 
4.6 - 4.85 Hz and J A'B = 1.8 - 2.2 Hz, see Table 3.2. From the well-known relationship between 
vicinal coupling constants and dihedral angles, it can be deduced that the decrease in the coupling 
constants in the polar solvents is consistent with a small average increase in the dihedral angles 
of the -OCH2CH20- fragment [10]. Similar solvent dependent effects have been observed for 1,2-
disubstituted propanes, where the 3J values were found to decrease with increasing polarity of the 
solvent [12]. 
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The solvent dependence of the methylene protons may be explained in terms of weak hydrogen 
bonding interactions between the polar C-H bonds of the solvent molecules and the polar ether 
oxygen donor atoms. This will reduce the flexibility of the ligand and alter the relative populations 
of the participating conformers in solution [4,5,41,42]. 
In summary, it is evident that numerous factors contribute to the observed solvent shifts, the 
specific solvent-solute interactions which result in the preferred mutual orientation of the 
molecules and therefore a change in the electronic structure, as well as the more general 
neighbouring anisotropy and electric field effects. It is therefore not possible to distinguish one 
factor or at least dominant factors which would adequately explain the observed solvent effects. 
Nevertheless, the solvent dependence of the spectral parameters of N20 4 clearly demonstrates that 
the ligand does interact with the solvent molecules in solution. Furthermore, the foregoing results 
highlight the importance of using the same solvents when studying the effect of complexation and 
protonation on the conformation of the ligand in solution. 
3.2.2 Proton NMR study of 1,8-bis(quinolyloxyJ-3,6-dithiaoctane (N20 2S2) 
The 1H NMR spectrum of 1,8-bis( quinolyloxy)-3,6-dithiaoctane (N20 2S2) in CDC13, together with 
the peak assignments, is illustrated in Figure 3.5. The proton spectrum is similar to that of N20 4• 
The average vicinal coupling constants for the -OCH2CH2S- fragment: JAB = 6.4 Hz and J A'B = 
4.0 Hz, are slightly greater than the corresponding 3J values in N20 4, but are still indicative of 
gauche rotamer interconversion. The difference in the values of the coupling constants could be 
attributed to the different electronegativities of the oxygen and sulfur donor atoms as well as the 
























































































































































































In contrast to N20 4, the sulfur containing podand is not as readily soluble in most organic solvents. 
Comparative studies could therefore only be carried out using CDC13 and DMSO-d6 solutions. 
The proton chemical shift data, together with the chemical shift differences, 8.6 = 
6Ho(CDC13) - 6Hn(DMSO-d6), are given in Table 3.3. 
The solvent induced shifts, 8.6, observed for N20 2S2 follow a similar trend as that observed for 
N20 4, except that the Hee protons are deshielded in DMSO-d6 relative to CDC13 and that the 
average coupling constants of the -OCH2CH2S- fragment remain unchanged in the two solvents. 
This could possibly be explained in terms of the difference in the salvation properties of the 
oxygen compared to the sulfur donor atoms, which may also explain the difference in the solubility 
of the two ligands. The solvent dependence of the quinoline protons of N20 2S2 can, however, be 
rationalized applying similar explanations as those given for N20 4. 
Based on the proton NMR studies of N20 4 and N20 2S2, it appears that these ligands do not adopt 
significantly different average conformations in solution, at least not in CDC13 and DMSO-d6 
solutions. 
3.3 Carbon-13 NMR study of N20 4 and N20 2S2 
The 13C chemical shift data of N20 4 and N20 2S2 in CDC13 and DMSO-d6 are summarized in 
Table 3.4. The 13C NMR spectra in CDC13 together with peak assignments, are given in 
Figure 3.6. The assignments of the 13C resonances for the quinoline moieties are in agreement 
with reported values [43,44]. Inspection of the 13C chemical shift data revealed subtle differences 
between the 13C NMR spectra of the two ligands. To illustrate these differences more clearly the 
results are presented graphically in Figures 3.7 and 3.8. 
In Figure 3.7, the differences between the 13C chemical shifts for the quinoline protons of N20 4 































































































































































































































TABLE 3.4 Carbon-13 chemical shift data (ppm) for N20 4 and N20 2S2 in CDCl3 and DMS0-d6 
at T = 298K. 
C atom DMS0-d6 DMS0-d6 
C2 148.9 148.8 149.4 148.9 
C3 121.4 121.7 121.7 121.7 
C4 135.8 135.7 135.9 135.6 , 
cs 108.8 109.3 109.0 109.5 
C6 126.5 126.7 126.6 126.7 
C7 119.6 119.9 120.1 119.7 
C8 154.3 154.3 154.2 154.1 
C9 139.9 139.6 140.3 139.6 
ClO 129.2 129.0 129.5 129.0 
CAA' 70.5 70.0 68.6 68.9 
CBB' 69.3 68.9 32.8 32.1 
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Figure 3.6 Carbon-13 NMR spectra and peak assignments for N20 4 and N20 2S2 in CDCl3 at 
T = 298K 
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chemical shift difference 
C2 C3 C4 C5 C6 C7 C8 C9 C10 
C atom assignment 
~ C003 ~ DMSO 
Figure 3.7 Comparison of the Be chemical shifts for N20 4 and N20 2S2 in CDC13 and DMS0-d6• 
Plots of AoCn versus the quinoline C atoms, where AoCn = A6Cn(N20 4) - A6Cn(N20 2S2). 




C2 C3 C4 C5 C6 C7 C8 C9 C10 CAA' CBB' CCC' 
C atom assignment 
~ N204 -+- S2N202 
Figure 3.8 Solvent dependence of the Be chemical shifts of N20 4 and N20 2S2• Plots of a6Cn 
versus the individual C atoms, where t.oCn = t.oCn(CDCl3) - t.oCn(DMS0-d6). 
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corresponding C atom. This graph shows that the 13C chemical shifts for the quinoline moieties 
are almost identical in DMSO-d6, but not in CDC13• 
In Figure 3.8, the chemical shift differences, ~5Cn = 5Cn(CDC13) - 5Cn(DMSO-d6) for each 
ligand is plotted against the corresponding C atom. Except for the carbon atoms C7, Ccc and 
CAA'• all the other carbon resonances show a similar dependence on solvent effects. 
The 13C NMR spectra of the two ligands highlight the subtle differences between the average 
conformations of the two ligands in the same solvent. In addition, it is evident from the solvent 
dependence of the 13C NMR spectra that the ligand-solvent interactions may lead to changes in 
the average conformation of the two ligands. 
3.4 Conclusion 
The 1H and 13C NMR spectra of N20 4 and N20 2S2 have shown that the two ligands do not adopt 
markedly different average conformations in CDC13 and DMSO-d6 solutions. According to the 
proton NMR studies on N20 4, it appears that the ligand may not be fully extended in solution as 
a result of ligand-solvent interactions as well as intramolecular base stacking interactions between 
the quinoline terminal groups. Although it has not been possible to establish unambiguously the 
conformation of these ligands in solution it is nevertheless clear that the ligands do interact with 
the solvent molecules in solution. Thus in order to examine the protonation or complexation 
behaviour of these molecules by means of nuclear magnetic resonance spectroscopy, it is essential 
to record these spectra in the same solvent in order to obtain meaningful results. 
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CHAPTER4 
PROTONATION STUDIES OF N20 4 AND N202S2 
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4.1 Introduction 
Although it is well-known that monoethers are relatively weak bases, numerous protonation 
studies have shown that macrocyclic and acyclic polyethers can act as effective proton binding 
agents in both aqueous and non-aqueous solvents [1-10]. The ability of macrocyclic polyethers to 
solubilize and ionize acids, particularly in non polar solvents with low dielectric constants, has 
gained special attention as these properties enable their use in various separation techniques such 
as selective extraction of acids and hydrometallurgical separations involving strongly acidic 
solutions [1 ]. Furthermore, crown ethers, in their capacity as proton acceptors, may selectively 
catalyze reactions with weakly acidic reagents and they may also be expected to act as cofactors 
in acid-base catalysis in aprotic media [1]. 
The complexation of inorganic and organic acids by crown ethers (CR), CR+HA.,. CRH+ +A, 
is due to ion-dipole interactions between the ether oxygens of the macrocyclic polyethers and the 
proton. It has been suggested that those oxygens which are separated in the macrocyclic ring by 
five atoms (O-{CH2CH2-0-CH2CH2}-0 segments) are mainly involved [2]. The macrocyclic 
polyether cis,.ryn,cis-dicyclohexyl-18-crown-6 (DCC) has been found to be the most effective 
proton binding agent [1-5,9,10]. Its very high complexing power is thought to result from a 
combination of relatively high basicity and low entropy of complexation [2]. Comparison of DCC 
. with other crown ethers reveals that their proton affinities decrease in the order [1-3,5]: 
DCC > 18-crown-6 > > 15-crown-5 > > > 14-crown-4, 12-crown-4 
The differences in the proton binding affinities of the crown ethers have been explained by Jagur-
Grodzinski et al. [1,2] in terms of unfavourable entropic contributions in the case of the smaller 
crown ethers. Based on the assumption that the bond arrangement and bond distances in 
hydrogen bonded water molecules and the hydrogen bonded ether oxygen atoms in crown ethers 
should be similar, these authors suggest that a macrocyclic polyether will act as an effective proton 
solvating agent when two of its oxygens can be aligned at a distance of about 2.76 A, which is the 
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distance between the hydrogen bonded oxygens in a crystal of ice. Since similar distances have 
only been estimated in the case of 18-crown-6 ethers, with cavity diameters of approximately 2.8 A, 
the smaller crown ethers would be expected to undergo severe distortion in order to surround the 
H + ion. Such distortion will cause restriction of the segmental movements of the ring which is 
not favoured on entropy grounds, thus resulting in a decrease in the proton binding efficiency. 
Numerous crystalline complexes have also been isolated from solutions containing crown ethers 
and concentrated aqueous acid solutions [6-8]. These complexes have been characterized and 
formulated as complexed hydronium salts, (H30+)(L)(X), where L is either cis,syn,cis-
dicyclohexyl-18-crown-6 [6] , 18-crown-6 [7] , or tetracarboxy-18-crown-6 [8]. The crystal structure 
of the hydronium ion complex of tetracarboxy-18-crown-6, recently reported by Behr et al. [8], 
shows that the H30 + cation is anchored in the center of the cavity of the crown ether by three -
OH+ ... 0 hydrogen bonds. 
Although most of the solid state measurements indicate the formation of hydronium ion-crown 
ether complexes, the question of whether hydronium ions and not protons are involved in the 
investigated complexation reactions in aqueous solution has been raised [1,3]. According to Jagur-
Grodzinski [1 ], the proton transfer equilibrium between the hydrated "oxonium crown" and the 
hydronium ion complex, shown schematically in Figure 4.1, is more likely to favour the former in 
aqueous solutions. This proposal was based on the following observations: a) measurements of 
proton affinity in the gas phase indicate that the basicity of an oxygen in H20 is actually lower 
than that of an ether oxygen [11]; (b) the formation constants determined by Kolthoff et al. [5] 
remain constant for the complexation of acids with crown ethers in dry and wet acetonitrile; (c) 
the requirements imposed by the simultaneous interactions of the three hydrogens of the 
pyramidal H30 + with the properly aligned oxygens of the ring may be prevented on entropy 
grounds [1]; and (d) although water molecules also form molecular complexes with crown ethers, 
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the enthalpy of formation of such complexes (2-3 kcal/mo!), is much smaller than the enthalpy of 
protonation of a crown ether ( about 8 kcal/mo!) [1,2]. 
+ 
-
Figure 4.1 Schematic representation of the proton transfer equilibrium between an hydrated 
oxonium crown ether and hydronium-crown ether complex. 
While the complexation of inorganic and organic acids with macrocyclic polyethers has been 
studied extensively, only a few attempts have been made to examine the proton binding capacities 
of acyclic polyethers [2,7,9]. These studies have shown that the proton binding affinity of crown 
ethers is considerably greater than that for the corresponding acyclic polyethers (glymes). For 
example, Jagur-Grodzinski et al. [2] have compared the proton binding affinities of DCC, di- and 
triglyme in chloroform with HBr by means of conductivity measurements. The equilibrium 
constant, ~ ' of the reaction DCC + HBr ,,,.. DCCH + + Br· was found to be 106 M·1, whereas for 
the linear polydentate di- and triglyme, ~ = 0.17 and 0.20 M·1, respectively. The logarithmic 
values of the stability constants, K, determined by Buschmann [9] by means of calorimetric 
titrations for the reactions of tri-, tetra-, penta- and hexaglyme with trifluoromethanesulfonic acid 
in acetonitrile, were found to be 2.50, 2.50, 2.51 and 2.60, respectively, while the corresponding 
log K values for DCC and 18-crown-6 were found to be greater than 5. 
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Heo and Bartsch [7] also tried to prepare solid adducts of glymes with concentrated aqueous 
HPF6. It was found that the tri-, tetra- and pentaglyme formed well-defined 1:1 complexes. Of 
these complexes, however, only that obtained from tetraglyme was a solid, whereas those formed 
by tri-and pentaglyme were oils. 
Since the replacement of the methyl groups of glymes with quinoline is known to lead to enhanced 
complex stabilities with alkali and alkaline earth cations [12,13], it is reasonable to assume that the 
• 
quinoline nitrogen atoms may act as stronger hydrogen binding sites so that a substantial increase 
in the proton binding affinities of these podands would be expected. However, protonation studies 
of podands with rigid donor terminal groups have been largely ignored. The only investigations 
in this regard appear to be a study of the effect of acid on the fluorescence properties of quinolyl 
terminated podands [14] and protonation studies of polyether derivatives of aniline [15]. 
Accordingly, to gain further insight into as well as compare the binding properties of N20 4 and 
N20 2S2, protonation studies in non-aqueous solutions have been undertaken. The aim of this 
investigation is twofold. Firstly, to obtain both qualitative and quantitative information regarding 
the proton binding properties of these ligands in solution; and secondly, to determine whether the 
· nature of the donor atoms on the ligand backbone will in any way affect the basicity of the two 
ligands. Moreover, a crystalline protonated complex of N20 4 has been isolated and its molecular 
structure determined by X-ray crystallography. The preparation, characterization and structural 
details of this complex will also be discussed in this Chapter. 
4.2 Protonation Studies of N20 4 and N20 2S2 in Non-aqueous Solution 
4.2.1 Outline of Experimental and Computational Methods 
The effect of protonation of N20 4 and N20 2S2 in non-aqueous solution has been examined by 
means of high resolution 1H and 13C NMR spectroscopy. This technique is particularly suitable 
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in that the chemical shift data obtained upon protonation may be used to: (a) establish the proton 
binding sites, (b) gain insight into any possible conformational rearrangements that the ligands may 
undergo upon protonation, and ( c) obtain quantitative information regarding the basicity of the 
two ligands, such as protonation constants. 
For the evaluation of the protonation constants at a given temperature, the experimental 
procedure involved the measurement of the 1H chemical shifts, at 25 ± 1°C, of the ligand 
solutions iri DMSO-d6 as a function of increasing acid concentrations. The 
1H NMR spectra were 
recorded until no further changes in the chemical shifts, relative to TMS, were observed. The 
concentrations of the ligand solutions were 0.1497 M and 0.0799 M for N20 4 and N20 2S2, 
respectively. For the titration, 10-20 µ.l aliquots of a 2.39· M DCl solution in DMSO-d6 were 
added. 
On the NMR time scale, the protonation equilibria undergo rapid exchange in both N20 4 and 
N20 2S2 in DMSO-d6 so that only time-averaged chemical shifts are observed. As a result, the 
concentrations of the unprotonated and protonated species cannot be determined independently. 
Instead the variation of the chemical shifts, (A60 b5), with acid to ligand mole ratio, [D+]/[L], is 
used for the evaluation of the protonation constants. The protonation shift, A60 bs, 
(4.1) 
is defined here as the difference between the chemical shift of the protonated form, (op), of the 
ligand and the unprotonated form, (oJ; a positive value indicating a downfield shift upon 
protonation. The chemical shift values, except for singlets, represent the centers of the multiplets. 
The observed chemical shifts for a solution containing unprotonated and protonated species may 
be described by the following general equation: 
+ (4.2) 
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where XP = 1 - Xu is the mole fraction of protonated ligand. These fractions will depend on the 
protonation constants and on the analytical concentrations of the acid and ligand solutions. 
Hence, the observed chemical shift of the protons is a. function of the protonation constant( s ), the 
chemical shift of the unprotonated ligand and the unknown chemical shift of the protonated 
ligand. The protonation constants may be obtained from the chemical shift data by non-linear 
least-squares fitting of the experimental data to equation ( 4.2), taking into account both the 
estimated protonation constants and the chemical shifts of the protonated species. However, in 
order to quantify the equilibrium condition of any reaction in solution, a clearly defined chemical 
model must be assumed [16]. To do this the number and nature of the various chemical species 
in solution must be known. 
Because the rates of exchange between the unprotonated and protonated ligands are fast on the 
NMR time-scale, it is not possible to distinguish the different species present in solution directly 
from the chemical shift data and thus an indirect approach has to be taken. From a plot of ilo0 bs 
versus the acid to ligand mole ratio, [D+]/[L], it is possible to estimate the stoicheiometric ratio(s) 
for the acid-base reaction and therefore the number of protonated species present in the solution 
from the point(s) where the titration curve levels off. For the reactions of N20 4 and N20 2S2 with 
DCl in DMS0-d6, limiting chemical shift values are observed at a stoicheiometric ratio of 2:1. 
Consequently, the chemical model chosen to describe the protonation of both ligands includes the 
protonation equilibria for the formation of both mono- and diprotonated species. On the basis 
of this assumed chemical model, a non-linear least-squares computer program, PRONMR [17], 
has been developed for the evaluation of the protonation constants. The program, written in 
TurboPascal (version e.O) (see Appendix 1), is based on the equations and algorithms described 
below. In principle, the mathematical analysis of the data is similar to the numerical methods 
reported for the evaluation of equilibrium constants by means of NMR [18-21]. 
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Evaluation of Protonation Constants by NMR 
The protonation of N20 4 and N20 2S2, taking into account the formation of a mono- and 
diprotonated species, may be defined by the following equations: 
L + H+ ... LH+ (4.3) 
LH+ + H+ ..... LH z+ 2 (4.4) 
K1 = [LH+]/[L][H+] (4.5) 
K2 = [LH/+]/[LH+][H+] (4.6) 
K1K2 = [LH/+]/[L][H+]2 (4.7) 
Since the rate of exchange among the three different environments of the ligand is rapid on the 
NMR time-scale, the observed chemical shift, Babs• represents the population weighted average 
of the chemical shifts of the individual species in solution. 
(4.8) 
where TL = [L] + [LH+] + [LH/+] is the total ligand concentration and 61,, 611 and 612 the 
chemical shifts of the free ligand, the mono- and diprotonated species, respectively. 
As the mole fractions, X, of the different species depend upon the values of the equilibrium 
constants and the analytical concentrations, an expression for the observed chemical shift can be 
derived so as to include the equilibrium constants, K1 and K2: 
where 
The total ligand and acid concentrations are given by the following equations: 









Using estimated equilibrium constants, the [H+] can be calculated for any given solution 
composition by means of a Newton-Raphson procedure to solve the cubic equation ( 4.15) by 
successive approximations. Having obtained the value of [H+], the [L] concentrations can be 
calculated from equation ( 4.13 ). The equilibrium concentrations of the other components of the 
system are then readily obtained from equations ( 4.10), ( 4.11) and ( 4.12). Substitution of these 
values into equation ( 4.9) yields the calculated chemical shifts, 6ca1c, for given estimated K1 and 
K2 values. The estimated equilibrium constants are then adjusted using an iterative procedure 
until the sum of squares of the residuals for calculated and observed values of the chemical shifts 
for all experimental points reaches a minimum. In principle this procedure can be repeated with 
new values for K1 and K2 until these are optimized. However, considerable computing time can 
be saved by applying a modified trial and error iteration where only one constant is varied at a 
84 
time. For example, when an optimum K1 for a chosen K2 is found this value is then used for the 
determination of an optimum K2. This procedure of shifting between the two is repeated until 
optimum values for both constants are found. 
In summary, the input data required for the evaluation of the K values include both experimental 
and unknown variables. The experimental variables include 6obs, TL and TH• where TL and TH 
represent the total ligand and acid concentrations following successive addition of acid, thereby 
taking dilution effects into account. The unknown variables include the estimated Ki, K2, 611 and 
612 values. The estimated 611 and 612 values are based on the assumption that each value 
corresponds approximately to the observed chemical shift value at ligand to acid mole ratios of 1:1 
and 1:2, respectively. The output data consist of the refined K values (in moles/I) and the 
predicted chemical shifts for individual protons. The observed and predicted chemical shift values 
are also compared graphically using another appropriate graphics computer program. A visual 
summary of the results is helpful in that it gives a good indication as to whether the proposed 
chemical and mathematical models adequately describe the protonation reactions of N20 4 and 
N20 2S2 for the evaluation of the equilibrium constants. 
4.3 Results 
The 1H and 13C resonances of N20 4 and N20 2S2 have been assigned in the previous Chapter and 
the same atom numbering scheme will be used here. 
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4.3.1 Proton NMR Protonation Studies 
Protonation Shift Trends 
In the presence of increasing amounts of DCl, the 1H chemical shifts of N20 4 and N20 2S2 are all 
shifted progressively downfield upon protonation, with the exception of the methylene protons 
Hee of N20 2S2. The results are displayed graphically in Figure 4.2, where the protonation shifts, 
~oobs• for the individual protons, are plotted as a function of the acid to ligand mole ratio, 
[D+]/[L]. 
From the titration curves, given in Figure 4.2, it can be seen that with increasing acid 
concentration the protonation shifts increase ( or decrease) monotonically towards a limiting value 
corresponding to a 2:1 acid to ligand mole ratio, indicating that both mono- and diprotonated 
species are formed. 
The proton spectra of the unprotonated and protonated ligands (acid to ligand ratio of 2:1) are 
shown in Figure 4.3. As may be seen from the proton spectra and the titration curves, the 
magnitude of the protonation shifts for the individual protons differ markedly, the H4 and H3 
protons undergoing the largest shifts. On account of the very large shifts observed for the 
quinoline protons as compared to the methylene protons it is possible to deduce that the 
protonation sites are the quinoline nitrogen atoms of the podands. 
Furthermore, it is noteworthy that the protonation shifts observed for the quinoline protons of 
the two ligands are very similar. On the other hand, because of the marked difference in the 
chemical shift behaviour of the Hee protons of the two ligands, similar chemical shift trends are 
not observed in the case of the methylene protons. 
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Figure 4.2 Plots of the protonation shifts (iio
0
bs) for all the proton resonances of (a) N20 4 and 
(b) N20 2S2 in DMS0-d6 as a function of the [acid]/[ligand] mole ratio. All chemical shifts are 
measured relative to TMS at T = 298K. 
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Figure 4.3 1H NMR spectra of (a) N20 4 and (b) N20 2S2 in DMSO-d6 in the (i) absence and 
(ii) presence of acid ([DCl]:[ligand] 2:1) at T = 298K 
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Protonation constants 
The protonation constants, K1 and K2, for N20 4 and N20 2S2 were evaluated by iterative non-linear 
least-squares analysis of the chemical shift data of the H2, H4, H7 and HAA' protons. The titration 
curves of the observed and calculated chemical shift values as a function of the acid to ligand mole 
ratio for N20 4 and N20 2S2 are displayed in Figures 4.4 and 4.5, respectively. In general, the 
agreement between the predicted and observed chemical shifts is very good, indicating that the 
proposed chemical and mathematical models provide a good fit to the data. 
The results of the non-linear least-squares analysis of the chemical shift data for the individual 
protons of N20 4 and N20 2S2, are summarized in Table 4.1. The data presented include the logK 
values, the chemical shifts, 611 and 612, and the protonation shifts (Ao11) and (Ao12) for the mono-
and diprotonated species, respectively. The logK values for the two ligands are essentially 
identical, which is consistent with the similar protonation shift trends observed for the quinoline 
protons. 
It is important to note that while the agreement between the predicted and observed chemical 
shifts is in general very good, small deviations between the predicted and observed values are 
however observed in the region between 1:1 and 2:1 (D+]:(L] mole ratios where, in each case, the 
observed chemical shift values tend to be greater (0.02 - 0.06 ppm) than the predicted values. 
Because these deviations are evident in all the titration curves, this suggests that they are due to 
systematic errors in the analysis of the chemical shift data. As the input data for the program 
consist of the 1H chemical shift values, the intrinsic chemical shifts for the unprotonated and 
protonated species as well as the total ligand and acid concentrations, systematic errors in these 











































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































































Deviations in the chemical shift values may result from experimental factors as each spectral 
measurement is subject to both random and systematic errors. The principal sources of systematic 
error in the NMR chemical shift measurement could arise from three features [22]: (1) offsets due 
to instrument drift which represent displacements in the chemical shift values from one spectral 
measurement to the next, (2) displacements of the "lock signal" due to changing chemical 
environment in the different measurement solutions and (3) displacement of the chemical shifts 
resulting from varying solvent composition and the related magnetic and electrical interactions 
between the solvent and solute. Of these systematic error sources, the first two represent offsets 
which are identical for each resonance signal, and are probably negligible in view of the high 
stability of a superconducting magnet. Offsets resulting from solvent effects are likely to cause 
different perturbations to each proton resonance signal, and are likely · to contribute most 
significantly to small variations in the chemical shift measured. 
In addition, variation in the ionic strengths of the solutions could also result in some systematic 
deviation between the calculated and experimental 6 values. However, attempts to ensure a 
constant ionic strength were prevented on account of the following reasons. Firstly, because N20 4 
is known to readily form stable complexes with alkali and ammonium cations [23], the common 
salts employed to maintain constant ionic strength could not be used. Secondly, the use of 
alkylammonium salts would result in intense resonance signals from the protons attached to the 
alkyl groups which in tum would result in poor resolution and problems of dynamic range in the 
resultant proton spectrum. In order to minimize the effect of large variations in ionic strength but 
at the same time still ensure the measurement of high resolution spectra reasonably dilute 
solutions were used. 
Finally, the data processing also requires intrinsic chemical shift values 611 and 612 for the mono-
and diprotonated species, respectively, and their estimation depends on certain chemical 
assumptions which have already been discussed. To ensure that the values chosen gave the best 
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fit to the data, several 611 and 612 values were used. initially for the processing of the data. 
Furthermore, since the K values were evaluated separately for the individual protons, the 
estimated 611 and 612 values would not appear to be primary sources of systematic error. Hence, 
the difficulty in evaluating the effects of all the possible sources of error precludes an 
unambiguous explanation for the observed deviations. 
4.3.2 Carbon-13 NMR Protonation Studies 
The 13C NMR spectra were measured for both ligand solutions containing approximately a 3:1 acid 
to ligand mole ratio. To illustrate the effect of protonation on the 13C chemical shifts, the 
protonation shifts for all the C atoms in the presence of excess acid, are presented graphically in 
Figure 4.6. Unlike the corresponding 1H chemical shifts of the quinoline protons which are 
progressively deshielded as the degree of protonation is increased, the 13C resonances undergo 
downfield as well as upfield shifts upon protonation. The 13C protonation shift trends are however 
consistent with the 1 H NMR results in that similar trends are observed for the quinoline carbon 
resonances of the two ligands but not for the methylene carbon resonances. The 13C assignments 
for the methylene carbons of NzOzSz in the presence of excess acid were established by means of 
a two-dimensional heteronuclear correlated (Hetcor) NMR experiment. 
4.4 Discussion 
4.4.1 1H chemical shift trends upon protonation 
The marked differences in the protonation shifts observed for the quinoline protons of Nz04 and 
NzOzSz are consistent with the chemical shift trends observed for quinoline and related 
heterocyclic compounds in acidic media [24-29]. In general, it has been found that protonation 
of the nitrogen atom of heterocyclic compounds results in the marked downfield shift of the H3 
and H4 protons whereas the Hz protons shift very little [24 -29]. The protonation shift trends 
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Figure 4.6 Graphical representation of the 13C NMR protonation shifts ( ~Bobs) for the individual 
carbon resonances of N20 4 and N20 2S2 in DMSO-d6 in the presence of a 3:1 acid to ligand mole 
ratio at T = 298K 
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results in a decrease in the paramagnetic contributions from the local dipole moment and magnetic 
anisotropy associated with the unprotonated nitrogen atom, resulting in upfield shifts of these 
protons in the order of Hz> H3 > H4. At the same time, the delocalization of the positive charge 
over the aromatic system causes inductive deshielding of all the protons. The combined influences 
of these two effects should therefore result in the net deshielding of these protons in the order 
of H4>H3>Hz [24]. These trends are indeed observed for the H4, H3 and Hz protons of Nz04 
and NzOzSz upon protonation, the total average protonation shifts for the H4, H3 and Hz protons 
of both ligands being 0.92, 0.62 and 0.34 ppm, respectively. Because the H4 proton resonances 
undergo very large shifts relative to the Hz proton resonances, the chemical shift difference 
between the Hz and H4 protons decreases to the extent that in the limiting situation the resonance 
signals overlap, see Figure 4.3. 
Moreover, the similar protonation shifts observed for the quinoline protons of the two ligands 
suggest that the nature of the donor atoms of the central ethylene fragment ( X-CHzCHz-X, 
X = 0 or S) has very little effect on the basicity of the quinoline terminal groups. 
On the other hand, as noted earlier, because of the marked difference in the chemical shift 
behaviour of the Hee protons of the two ligands, similar chemical shift trends are not observed 
in the case of the methylene protons. In the presence of a 2: 1 [D +]: [L] mole ratio, the magnitude 
of the chemical shift differences, Aoobs' for Nz04, decreases along the oligoether chain: HAA' = 
0.19, H88, = 0.10 and Hee = 0.03 ppm. For the sulfur analogue the protonation shifts are: HAA' 
= 0.15, H88, = 0.06 and Hee = -0.16 ppm; the negative value indicating an upfield shift. In 
order to rationalize the observed shifts, at least three factors have to be considered: 
(a) solvent effects: In view of the solvent dependence of the chemical shifts of both ligands, as 
shown in the previous Chapter, solvent-induced shifts would be expected on account of the 
changes in the solvent composition upon successive additions of acid. Since thioether sulfur donor 
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atoms have been found to be essentially free of protonation or salvation effects [30), the solvent-
induced shifts are presumably primarily due to the hydrogen bonding interactions between the 
ether oxygen donor atoms and the solvent molecules. Hence all the methylene protons in the case 
of N20 4 may be affected, while only the HAA' protons, and to a lesser extent the H88• protons, 
of N20 2S2 are likely to be affected. On the whole, however, because only small variations in the 
chemical shifts are observed when the [D+]:[L] is greater than 2:1, solvent effects do not appear 
to contribute significantly to the observed shifts. 
(b) Inductive effects: Protonation of the quinoline nitrogen atoms results in an inductive effect, 
which may be accommodated by the electron-releasing property of the ethylene units resulting in 
a slight increase in the net electronegativity of the ether and thioether donor atoms, thus altering 
the charge densities at the adjacent carbon atoms. The resultant polarization induced at the 
carbon atoms may be expected to result in the deshielding of the protons in the order: 
HAA,> H88,> Hee· This is consistent with the observed shifts. 
(c) Conformational effects: The conformation of the O-CH2CH2-"-0, O-CH2CH2-S and 
S-CH2CH2-S fragments can be considered in terms of the torsion angles at the C-S, C-0 and 
C-C bonds, where torsion angles of ±60° are classified as gauche and those of ±180° as trans 
[31 ], (Figure 4.7) According to conformational studies on ethane fragments containing O and/or 
S heteroatoms, the tendency to assume gauche conformation should decrease in the order: C-S 
> > C-C > C-0 [31-33). One of the factors contributing to the conformational preferences of 
the different segments appears to be the different 1,4-interactions in gauche C-C-E-C and 
E-C-C-E (E = O,S) units. Consider first the gauche 1,4-interactions in the C-C-E-C units, 
which are strongly influenced by the substantial differences in the C-E bond lengths (E = 0, 1.43 
A; E = _S, 1.82 A) [34), see Figure 4.8. Studies have shown that the gauche conformation at a 
CH2CH2-0-CH2 fragment results in the repulsion between the terminal hydrogen atoms, which 
are only 1.8 A apart [35), and that the trans form is more stable by about 1 kcal/mol [36). On the 
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other hand, a gauche C-S conformation suffers little or no repulsion because of the greater length 
of a C-S bond [34). Hence, 1,4-interactions disfavour gauche conformation at C-0 bonds 








Figure 4.7 Gauche and trans conformations at C-C-E-C bonds. 
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(b) 
Figure 4.8 Schematic representations of 1,4-interactions in gauche C-C-E-C linkages: 
(a) E = 0 and (b) E = S. 
Another- type of 1,4-interaction, that between the heteroatoms, affects the conformation at 
E-C-C-E bonds. For E = 0, electron-nuclear attraction between the O atoms stabilizes gauche 
conformation at the E-C-C-E bond (the attractive gauche effect) [31,32). In contrast, for 
E = S the greater size of the atom causes greater electron-electron repulsion between the S 
atoms, which destabilizes gauche conformation at the E-C-C-E bond (the repulsive gauche 
effect) [31,32). For O-CH2CH2-S fragments, the gauche conformation is approximately as stable 
as the trans [33). 
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Thus the. conformational effects at C-E and C-C bonds will reinforce each other to influence 
the overall conformation of N20 4 and N20 2S2. According to the 
1H chemical shift data and spin-
spin coupling constants of N20 4 and N20 2S2, the 0-C-C-O and 0-C-C-S fragments undergo 
rapid interconversion between gauche rotamers, which is consistent with the expected 
conformations for these units. On the other hand, because of the magnetic and chemical 
equivalence of the Hee protons it is not possible to extract conformational information on the 
central ethylene fragments from the proton chemical shift data. However, on account of the 
consequences of torsional strain and non-bonded interactions it seems reasonable to assume that 
the conformations about the central ethylene unit in N20 4 and N20 2S2 will differ considerably. 
In the case of N20 4, the fragment is likely to adopt a gauche conformation, whereas for N20 2S2 
the fragment will presumably tend to favour a trans conformation, as illustrated by the Newman 
projections in Figure 4.9. Should this indeed be the case, it then follows that the average 
orientations of the methylene protons with respect to the donor atoms will be different, which 
could account for the differences observed in the protonation shift trends for the Hee protons 
of the two ligands. However, it must be recognized that other factors are also likely to influence 
the overall conformation of the ligands in solution, such as solvent-solute interactions as well as 
possible intramolecular stacking interactions between the quinoline moieties; in addition, one is 
observing the result of an average of all the possible conformations in rapid equilibrium. Apart 
from the above speculation that the central ethylene fragments of the two ligands adopt different 
conformations, it is impossible to establish unambiguously the average conformation of the ligands 
in solution as well as any conformational rearrangements that may occur upon protonation. It is 
thus worth concluding this section with the salutary remarks of Zefirov [32]: "The development 
of conformational analysis has led to a paradoxical situation: the abundance of 'effects' permits 
us to explain everything but to predict close to nothing!" 
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In addition to the above effects the marked difference in the chemical shift trends observed for 
the methylene protons of N20 4 and N20 2S2 could also be attributed to the possible involvement 







Figure 4.9 Proposed Newman projections for the central ethylene fragments (E-CH2-CH2 - E) 
for (a) N20 4 (E = 0) and (b) N20 2S2 (E = S). 
4.4.2 Protonation constants 
The average logK1 and logK2 values estimated for N20 4 ~nd N20 2S2 are: 11.7 ± 0.5, 4.2 ± 0.4 and 
11. 7 ± 0.5, 4.15 ± 0.5, respectively. The protonation constants for the two ligands can therefore 
be considered identical, confirming that the basicity of the terminal groups is not affected by the 
nature of the donor atoms of the central ethylene fragments of N20 4 and N20 2S2• Furthermore, 
the high protonation constants indicate the relatively high Bn1nsted basicities of the quinoline 
moieties and that these podands have the ability to act as effective proton solvating agents in 
DMSO-d6• The strong proton binding affinities of the quinoline moieties can be attributed to 
the resonance stabilization of the positive charge over the aromatic rings as well as the electron-
releasing effect of the ethyleneoxy units bonded to the terminal groups. 
100 
There is, however, a significant difference between the logK1 and logK2 values for the two 
quinoline moieties attached to a single ligand backbone. The decrease in the proton binding 
affinity of the second terminal group may be explained in terms of the strong electrostatic 
repulsive interactions between the positively charged quinolinium cations. Furthermore, 
unfavourable conformational rearrangements of the ligand to accommodate the formation of the 
second N-D+ bond could also tend to inhibit protonation of the second quinoline nitrogen atom. 
On this basis it is tempting to speculate that in the monoprotonated species intramolecular base 
stacking interactions between the quinoline moieties is favoured because the one nitrogen atom 
is positively charged while the second nitrogen atom has a partial negative charge due to the lone 
pair of electrons on the nitrogen. Upon protonation of the second nitrogen atom the molecule 
might be expected to become extended as the positively charged nitrogen atoms would tend to 
repel each other. Since base stacking interactions are known to be energetically favourable the 
above speculation might also explain the difference between the values of the two protonation 
constants. 
It is interesting to note that the logK1 values are considerably greater than the logK value reported 
for 8-methoxyquinoline in aqueous solution (logK = 4.85) [37]. However, because the values of 
equilibrium constants depend strongly on the solvent medium as well as the method employed, it 
is not possible to conclude unequivocally that the podand derivative of quinoline is a stronger 
base. Nevertheless the present results are consistent with those reported recently by Giindiiz et 
al. [15] which indicate that the podand derivatives of aniline are more basic than aniline itself. 
For example, the protonation constants of aniline and l ,8-bis(o-aminophenoxy)-3,6-dioxa-
octane which were determined potentiometrically in nitrobenzene with perchloric acid, are pKa1 
= -0.78 for aniline and pKa1 = 1.85 and pKa2 = -1.71 for l ,8-bis(o-aminophenoxy)-3,6-dioxa-
octane. 
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4.4.3 13c chemical shift trends upon protonation 
The Be protonation shifts for the quinoline carbon atoms of N20 4 and N20 2S2 are very similar, 
which is consistent with the results obtained in the 1H NMR studies. 
Upon protonation of the quinoline terminal groups, the Be resonances which undergo the largest 
downfield shifts are C4 (11.48; 11.26. ppm) and C5 (5.06; 5.08 ppm), while the C atoms which 
undergo the largest upfield shifts include C2 (4.21; 4.08 ppm), C8 (5.87; 5.58 ppm) and C9 (11.30; 
10.70 ppm), for N20 4 and N20 2S2, respectively. Similar 
13C chemical shift trends have been 
observed for quinoline and related heterocyclic compounds in acidic media [28,38-41]. 
An interesting point to note is that, of the shifts observed for the Be resonances, Ci, C3 and C4, 
the shielding of the carbon atoms ortho to the nitrogen is not in accord with the expected 
downfield shift due to the positive charge upon protonation of the nitrogen atom. In order to 
rationalize the anomalous upfield shift of the C2 atoms it is necessary to first consider the factors 
which contribute to the shielding of Be resonances. The shielding constant a is given as the sum 
of three terms [42]: the local diamagnetic act, and paramagnetic ap contributions and the effect 
of neighbouring groups a'. As for other heavy nuclei, Be chemical shifts are determined mainly 
by the variation of ap. Early theoretical considerations led to the following expression for ap 
( 4.16) 
where 6-E is a mean electronic excitation energy, ri is the average radius of the carbon 2p orbitals 
and Qij is a bond order term that originates from the presence of 'TT-bonds (42]. Hence the 
principal factors affecting ap, are the charge polarization, variation in the bond order and the 
average · excitation energy. 
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Upon protonation of the nitrogen atoms the electron transition at the nitrogen will change from 
an n-,r' to a cr-1r· type and thus lead to an increase in ~E [42]. If this effect dominates, crP will 
decrease and shielding should result, as is indeed observed. Moreover, detailed studies carried out 
by Pugmire et al. [ 40,41] on the effect of protonation on the carbon shieldings of quinoline and 
other heterocyclic compounds, have shown that protonation of the nitrogen atoms results in a 
polarization effect which, in a simple way, can be thought of as removing electrons from the N-C2 
bonds, and thus a decrease in the bond order between N and C2• Therefore, according to Pugmire 
et al., the upfield shifts of the C2 atoms are best explained in terms of both a decrease in the bond 
order between the N-C2 bonds and changes in the average excitation energy. 
The 13C protonation shifts for the methylene carbons of N20 4 and N20 2S2 are different, as 
observed in the 1H NMR spectra. For N20 4, all three C atoms are deshielded, whereas for 
N20 2S2 only the CAA' carbons are deshielded, while the other carbons C88, and Ccc are shifted 
upfield upon protonation. These results once again suggest differences in the conformation of the 
two ligands upon protonation and the possible involvement of the ether oxygens in the proton 
transfer reactions. 
In summary, the 1H and 13C NMR protonation studies have shown that N20 4 and N20 2S2 are 
effective proton solvating ·agents in DMSO-d6 and that the proton binding affinities of the two 
ligands are virtually identical. From the protonation chemical shift trends it has also been possible 
to establish the proton binding sites, which are predominantly the quinoline nitrogen atoms of the 
terminal groups. Furthermore, despite the inherent limitations of NMR spectroscopy as a method 
for determining equilibrium constants as well as the various assumptions made, it has been possible 
to evaluate the protonation constants of the two ligands in DMSO-d6• No attempts have been 
made to compare the K values obtained here with those determined for crown ethers and acyclic 
polyethers, because of the different solvents and methods that have been employed. Although the 
different protonation shift trends of the methylene protons of the two ligands suggest that the 
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conformations of N20 4 and N20 2S2 are not identical in acidic media, it has not been possible to 
draw any further conclusions regarding the exact conformation of these ligands in solution. 
4.5 The isolation, characterization and crystal and molecular structure of a diprotonated 
salt of N20 4 
The results of the previous section show that the apparent proton binding affinities of N20 4 and 
N20 2S2 in DMSO solution are essentially the same, suggesting that the nature of the donor atoms 
of the central ethylene fragments does not significantly affect the basicity of the quinolyl termina. 
Nevertheless, substitution of sulfur donor atoms for oxygen does have a profound influence on the 
complexing behaviour of these podands towards alkali (e.g. K+) and transition metal cations (e.g. 
Cu2+, Co2+) (see Chapter 5). Moreover, the effective proton binding capacity of the quinolyl 
termina also has a remarkable effect on the coordination chemistry of these ligands, particularly 
in the case of the oxygen analogue. This difference in the complexing behaviour of N20 4 and 
N20 2S2 is clearly demonstrated by the complexation reactions with cobalt(II). 
The sulfur containing podand, N20 2S2, reacts readily with Co(BF4)z.6H20 in an 
acetone/chloroform mixture affording a red 1:1 crystalline cobalt(II) complex, 
[(N20 2S2).Co](BF4)z.3H20. On the other hand, N20 4 reacts with Co(BF4) 2.6H20 to yield a yellow 
iridescent compound. The elemental analysis of this compound did not however agree with the 
expected formulation, [(N20 4).Co](BF4)z. Furthermore, in view of the yellow colour of the 
compound which is atypical of Co2+ complexes [43,44], it was doubtful that the compound actually 
contained any cobalt(II) cations. On the basis of the 1H and 13C NMR measurements it was 
possible to establish the absence of Co2+, since in general, paramagnetic cations such as Co2+ are 
known to cause substantial line broadening and induce substantial paramagnetic shifts in the 1H 
and 13C NMR spectra [45). Neither of these effects was evident in the 1H and 13C NMR spectra. 
Instead, the 1H and 13C chemical shift values of this compound were remarkably similar to those 
observed for the protonated ligand. 
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The presence of BF4- anions was however indicated in the IR spectrum by the appearance of a 
broad intense absorption band at 1080 cm-1 assigned to the B-F stretching region [46]. This 
band, taken together with the sharp broad bands observed in the 3500 cm-1 region as well as the 
shifts to higher frequencies observed for some of the bands relative to those in the free ligand 
suggested that the crystalline compound was a protonated salt of N20 4• 
When considering all the experimental data together the yellow crystalline salt was formulated to 
be [ {(N20 4).2H+ }(H20)2](BF4)z, which is consistent with the elemental analysis. The proposed 
structure was subsequently confirmed by X-ray diffraction analysis. 
The unexpected isolation of this compound highlights the relatively strong Br0nsted basicity of the 
terminal groups and the effective proton solvating property of N20 4• Although numerous crystal 
structures of similar podand complexes with alkali metal cations [47] and neutral guest molecules, 
such as, thiourea [ 48,49] have been reported, the crystal structure of [ { (N20 4).2H +} (H20)z] (BF 4)z 
represents the first example of a podand complex of this type. This compound therefore provides 
• 
us with an unique opportunity of gaining further insight into the proton binding property of N20 4 
as well as structural details of the diprotonated N20 4 species. 
The compound [{(N20 4).2H+}(H20)z](BF4)z was prepared by adding an acetone solution 
containing Co(BF4)z.6H20 (0.30 mmol, 4 cm
3) to a solution of N20 4 in chloroform (0.25 mmol, 
10 cm3). Slow evaporation of the reaction mixture afforded yellow iridescent crystals, which were 
collected by filtration and washed with water. These yellow needle-like crystals were suitable for 
X-ray diffraction analysis without further recrystallization. A repetition of the above reaction 
yielded the same result. Yield < 30% . Mpt 87-89°C. Analytical data calculated for 
~H3oN20 6B2F8: C, 46.8; H, 4.9; N, 4.55 %. Found: C, 46.5; H, 4.8; N, 4.6 %. 
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At the outset of this experiment the compound which was initially suspected to be 
[(N20 4).Co](BF4)i was termed for convenience 'NOCO'. Ironically this acronym turned out to 
most appropriate as there was NO CObalt present! Hence the abbreviated name was retained and 
for convenience this compound will hereafter be referred to by its acronym NOCO. 
4.5.2 Characterization: Solution and Solid State Studies 
(A) 1H and 13C NMR Studies 
The 1H and 13C chemical shift values of [ {(N20 4).2H+ }(H20)2](BF4)i in DMS0-d6 follow the 
same trends observed for DMS0-d6 solutions containing N20 4 and DCl (Figures 4.10 and 4.11). 
According to Figure 4.10 the 1H chemical ,;hifts for NOCO are situated approximately midway 
between those observed for solutions containing 1:1 and 1:2 [N20 4]:[DC1] mole ratios, except for 
the chemical shifts of the H88, and Hee protons which correspond to those observed for the 
monoprotonated species. On the other hand, the 13C chemical shifts for NOCO and N20 4 in the 
presence of excess acid ( > 1:3 [N20 4]:[DC1]) are very similar. Possible explanations for these 
results could be that the 1H chemical shifts are influenced by: (i) cation-anion interactions 
(electronic and reaction field effects) [50], (ii) solvent effects, since the solutions for the titration 
contain considerably more water compared to the solution of NOCO which contains only the 
water molecules of crystallization and (iii) isotope shifts (1H/2D). The 13C chemical shifts, on the 
other hand, appear to be more sensitive to conformational effects and less affected by the above 
effects. 
Since it is not possible on the basis of the 1H chemical shifts to say unequivocally that NOCO is 
a diprotonated species, a 1H NMR base titration was carried out using a triethylamine solution in 
DMS0-d6 as the base. The details of the titration are given in the Experimental section. Upon 
addition of triethylamine in DMS0-d6 to a NOCO solution in DMS0-d6, the proton resonances 
of the quinoline moieties were shifted progressively upfield while the chemical shifts of the proton 
resonances of the triethylamine remained unchanged until the mole ratio [NOCO]:[base] of 
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H2 H4 H3 H5,6 H7 HM' HBB' HCC' 
proton assignments 
-&- NOCO --G- · N204+00(1:1} --~ -- N204+DC1(2:1} 
Figure 4.10 Graphical representation of the 1H NMR protonation shifts (.l\6
0
bs) for the 
mono- and diprotonated species of N20 4 in DMSO-d6 and the .l\6H(n) values for NOCO relative 
to N20 4 in DMSO-d6 at T = 298K 
chemical shift difference 







C2 C3 C4 C5 C6 C7 C8 C9 C10 CAA' CBS' CCC' 
C atom assignment 
Figure 4.11 Graphical representation of the 13C NMR protonation shifts (.l\6
0
bs) for N20 4 
in DMSO-d6 in the presence of a 3:1 acid to ligand mole ratio and the .i16C(n) values for NOCO 
relative to N20 4 in DMSO-d6 at T = 298K 
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approximately 1 :3 was reached. This is clearly illustrated by the titration curves, presented in 
Figure 4.12, for the Hz and H4 protons of NOCO and the methylene (-CHz-) protons of the 
triethylamine. On the basis of these results it was therefore possible to establish that the 
compound is a diprotonated salt of Nz04• 
chemical shift difference 





0 1 2 3 4 
[base]/[NOCO] mole ratio 
--a- -CH2(base) -e--- H2 ~ H4 
Figure 4.12 1H NMR base titration of NOCO with triethylamine in DMS0-d6• Plots of .!l6Hcn) 
versus [base]:[NOCO] mole ratio for the Hz, H4 proton resonances of NOCO and the -CHz-
proton resonances of triethylamine at T = 298K 
(B) UV-visible spectrophotometry and Fluorimetry 
Compared to the corresponding electronic absorption and fluorescence emission spectra of Nz04 
in acetone, which consist of single absorption and emission bands at 1 = 329.5 and 394 nm, 
respectively, the spectra obtained for NOCO in acetone exhibit two overlapping peaks. The short-
wavelength absorption and emission maxima at 325.5 and 404 nm, respectively, correspond to that 
observed for the neutral ligand, while the longer-wavelength absorption and emission maxima are 
at 375 and 490 nm, respectively. The bathochromic shift for the fluorescence peak (86 nm) is 
considerably greater than the bathochromic shift observed for the absorption peak (50 nm). 
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Similar observations have been reported for the a_nalogous podand, l ,11-bis(quinolyloxy)-
-3,6,9-trioxaundecane (14] and 8-methoxyquinoline (51 ,52] in acidic media. 
The appearance of the fluorescence spectrum depends on the excitation wavelength employed. 
Thus if the fluorescence emission spectrum is measured with an excitation wavelength at 325 nm, 
the two peaks at 404 and 490 nm are observed, whereas if an excitation wavelength of 375 nm is 
used only one emission band is observed at 490 nm. The fact that the absorption and fluorescence 
emission bands of both the neutral and cationic species are observed indicates that the protolytic 
equilibrium is rapid and is attained within the lifetime of the lowest excited singlet state. 
It is not possible however to distinguish the mono- and diprotonated species of N20 4 from their 
fluorescence spectra. This is clearly demonstrated by a fluorimetric protonation titration of N20 4 
with trifluoroacetic acid (TFA) in acetone. As shown in Figure 4.13 only one isosbestic point at 
472 nm is evident. Furthermore, it is not possible to establish the degree of protonation of 
NOCO by comparing the relative intensities of the emission peaks of NOCO to those observed 
for N20 4 upon protonation with TFA as the quantum efficiencies, which are expected to depend 
strongly on the molecular environment (53], will be different for the two systems, making 
quantitative measurements difficult. 
(C) Infrared spectroscopy 
The proposed structure, [ {(N20 4).2H+ }(H20)i](BF4)i, is also supported by features of the IR 
spectrum. The difference between the IR spectra of the free ligand and NOCO is particularly 
evident in the 1100-900 cm-1 stretching region by the appearance of a broad intense absorption 
band at 1080 cm-1 in the IR spectrum of NOCO which is characteristic of BF4- anions (46]. Other 
relevant changes are observed in the 1650-1400 cm-1 and 3550-3200 cm·1 regions. The 
absorption bands of NOCO, in the u(C=C) and u(C=N) stretching region (1650-1400 cm-1), are 












3 0~ 350 450 500 550 600 nrn 
WAVELENGTH 
Figure 4.13 Changes in the fluorescence emission spectra of N20 4 in acetone (0.0015 M, 
l = 394 nm) upon successive additions of trifluoroacetic acid (0.024 M). Excitation wavelength 
l = 325 nm. T = 25°C. 
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have been observed for pyridinium salts relative to pyridine [54-56], the shifts to higher 
frequencies in the IR spectrum of NOCO is further evidence in support of a protonated species. 
In the 0-H and N-H stretching region (3550-3000 cm·1) two relatively sharp bands are 
observed at 3550 and 3480 cm·1 for NOCO, whereas the IR spectrum of N20 4 exhibits a broad 
intense band at 3401 cm·1. The question of whether the water molecules in the protonated ligand 
are in coordinational contact with the cations and anions or exist as free water of crystallization 
in the crystal lattice can only be conclusively established by X-ray analysis. Nevertheless the IR 
spectrum provides strong evidence that the compound is an hydrated protonated tetrafluoroborate 
salt of N20 4. 
(D) Crystal and Molecular Structure of [ {(N20.J.2H+}(H20)i](BF.J2 
The crystal structure of NOCO was solved by Dr S.J. Archer (Department of Chemistry, UCT) 
by direct methods (SHELXS-86 [57]) and refined by full-matrix least-squares analysis 
(SHELX-76 [58]). Lorentz-polarization and empirical absorption corrections (program EAC, 
Enraf Nonius) were applied. The structure could only be refined to an R value of 10% owing to 
the severe disorder displayed by the BF4• anions. The crystal data, experimental data and 
refinement parameters are summarized in Table 4.2, and the fractional atomic coordinates and 
thermal parameters for all non - hydrogen atoms are listed in Table 4.3. 
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TABLE 4.2 Summary of crystal data, experimental and final refinement parameters for NOCO 
Crystal data 
Molecular formula 













Crystal dimensions (mm) 
Scan mode 
Scan width in w (0 ) 
Aperture width (mm) 
e Range scanned (0 ) 
Intensity decay(%) 
Number of unique 
reflections collected 
Number of observed 




density/e A-3 (max/min) 
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TABLE 4.3 Fractional Atomic Coordinates (x 104) and Thermal Parameters (A2 X 103) for 
non -hydrogen atoms with estimated standard deviations in parentheses for NOCO. 
Atom x/a ylb z/c 
N(ll) 5642(13) 6008(11) 7865(6) 50(3) 
C(ll) 6183(20) 6721(13) 8460(9) 71(4) 
C(12) 6279(22) 7850(15) 8238(10) 85(5) 
C(13) 5861(21) 8167(16) 7510(10) 86(5) 
C(14) 5295(20) 7442(14) 6860(9) 69(4) 
C(15) 5170(17) 6319(12) 7073(7) 48(3) 
C(16) 4773(22) 7747(15) 6043(10) 88(5) 
C(17) 4297(21) 6965(16) 5453(11) 94(5) 
C(18) 4163(21) 5860(15) 5690(9) 82(5) 
C(19) 4598(18) 5552(11) 6466(8) 51(3) 
0(11) ·4466(11) 4520(0) 6752(5) 52(3)* 
C(l) 3842(22) 3675(12) 6203(9) 72(6)* 
C(2) 3578(19) 2675(12) 6692(9) 67(6)* 
0(3) 5448(12) 2311(9) 7054(6) 69(4)* 
C(4) 5378(21) 1452(12) 7605(9) 76(7)* 
C(5) 7282(18) 1204(13) 7985(9) 71(6)* 
0(6) 8059(12) 2184(10) 8401(6) 68(4)* 
C(7) 10005(20) 2093(14) 8655(10) 78(7)* 
C(8) 10747(18) 3199(14) 8952(8) 68(7)* 
0(21) 10517(12) 3921(9) 8259(6) 62(4)* 
N(21) 9855(14) 5131(11) 6941(7) 54(3) 
C(21) 9423(21) 5702(15) 6247(9) 79(5) 
C(22) 9790(22) 6833(16) 6318(11) 89(5) 
C(23) 10368(19) 7337(14) 6968(9) 71(4) 
C(24) 10705(20) 6793(14) 7695(9) 67(4) 
C(25) 10440(17) 5631(12) 7659(8) 49(3) 
Table 4.3 Continued/ ... 
TABLE 4.3 Continued. 
Atom x/a ylb 
C(26) 11360(20) 7235(15) 
C(27) 11608(21) 6670(15) 
C(28) 11430(19) 5499(13) 
C(29) 10855(18) 4983(13) 
0(1) 8672(13) 3070(10) 
0(2) 5662(12) 4030(10) 
B(l) 6434(18) 4900(13) 
F(ll) 6481(19) 4782(13) 
F(12) 5445(22) 4057(13) 
F(13) 5836(21) 5933(12) 
F(14) 8274(23) 4710(17) 
F(llA)°• 4538(23) 4578(21) 
F(12A) 7478(35) 4284(29) 
F(13A) 7411(30) 4884(18) 
F(14A) 6759(30) 5824(16) 
B(2) 9902(21) 5125(13) 
F(21) 9927(22) 6142(12) 
F(22) 9798(26) 4340(14) 
F(23) 8581(20) 4950(15) 
F(24) 11705(21) 4880(18) 
F(21A)._. 10865(30) 4347(15) 
F(22A) 9750(29) 5046(19) 
F(23A) 8039(28) 5013(22) 
F(24A) 10554(30) 6157(14) 
*: Ueq = 1/3 (trace of the orthogonalized Uii matrix) 




























The crystal structure of NOCO confirms the proposed structure of [ {(N20 4).2H+ }(H20)i](BF4)i. 
The molecular structure and atom numbering scheme for the non - hydrogen atoms is shown in 
Figure 4.14. Interestingly the ligand adopts a helical conformation with the quinoline moieties 
stacked parallel to each other (dihedral angle of 1.6(2)0 between the planes of the two rings), at 
a distance of 3.4 A apart. The oxygen atoms of the water molecules (0(1) and 0(2)) each occupy 
approximately the centers of what may be envisaged as the two semicircular loops of the helix. 
This is also clearly illustrated by a computer-simulated space-filling diagram of the 
three-dimensional structure as shown in Figure 4.15. Furthermore, it is noteworthy that the 
crystal does not contain both the right- and left-handed helices. No obvious reason could be 
found for the existence of only one enantiomer in these crystals, neither could the absolute 
configuration be determined. Inversion of the coordinates did not lead to a significantly different 
model nor to an improved R value. 
A remarkable feature of this structure is that the ligand is stabilized in the observed helical 
conformation by two sets of bridging hydrogen bonds, in addition to significant base stacking 
interactions between the quinoline terminal groups. As is evident from Figure 4.14, three distinct 
sets of hydrogen bonds (N ... O, 0 ... 0, F. .. O < 2.9 A) appear to lock the molecule in the observed 
configuration. 
The geometrical arrangement of the donor and acceptor atoms involved in hydrogen bonding is 
approximately pyramidal as indicated by the bond angles: N(ll)-0(2)-0(6), 132.5(5)0 ; 
0(6)-0(2)-F(12), 100.8(5)0 ; N(ll)-0(2)-F(12), 112.8(6)0 and N(21)-0(1)-0(3), 115.6(4)0 ; 
0(3)-0(1)-F(24A), 93.6(6)0 ; N(21)-0(1)-F(24A), 150.2(7)0 • Since the hydronium ion is 
pyramidal, as observed in the hydronium ion-tetracarboxy-18-crown-6 ether complex [8], these 
observations raise the pertinent question of whether it is more appropriate to consider NOCO to 
be a bis(hydronium ion)-podand complex or simply, an hydrated diprotonated 






















Perspective view of the molecular structure of NOCO showing the atom 
numbering scheme for the non - hydrogen atoms. The dashed lines indicate the two sets of 
bridging hydrogen bonds. The BF4• anions are disordered and alternatively modelled orientations 
of the F atoms are shown. (The H atoms are omitted for clarity.) 
, 
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Figure 4.15 Computer-simulated space-filling representation of the X-ray structure of NOCO. 
(C = black, 0 = red, N = blue). 
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locate the exact positions of the H atoms. In the case of the hydrogen bond interactions 
N(11) ... 0(2) (2.66(2) A), N(21) ... 0(1) (2.75(2) A), 0(2) ... 0(6) (2.84(2) A) and 0(1). .. 0(3) 
(2.74(1) A), approximate positions for the H atoms were located by means of difference Fourier 
maps. However, in view of the unfortunate severe disorder displayed by the BF4• anions, attempts 
to refine the model including the H atoms proved fruitless. Furthermore, it was not possible to 
locate the H atoms believed to exist between the definite oxygen -fluorine interactions 
0(2) ... F(12) (2.74 A) and 0(1) ... F(24A) (2.71 A). Although strong evidence exists in favour of 
the H30 + ion model, it is not possible, given the present data, to unambiguously resolve this 
tantalizing question of whether the podand is acting host to two hydronium ions or whether the 
two water molecules associated with the protonated podand should be considered neutral guest 
molecules. A second diffraction study at low temperature might well be useful here. 
Although X-ray and particularly neutron diffraction studies provide conclusive evidence for the 
existence of hydronium ions, infrared spectroscopy has also proved to be a successful technique 
for establishing the existence and structure of hydronium ions [59,60]. The pyramidal hydronium 
ions give rise to four fundamental frequencies in the regions: 2780-3250 ( u1), 1104-1182 ( u2), 
2500-3100 (u3) and 1477-1705 cm·
1 (u4), as well as the 2u2 band in the region 2050-2260 cm·
1. 
Thus the IR spectrum of NOCO was carefully examined for evidence of an hydronium species. 
Unfortunately the absorption bands due to the ligand and BF4· anions obscure the low frequency 
peaks u2 and u4. Since the other absorption bands could also be due to hydrogen bonded water 
[61], the IR data in the present case do not provide any convincing evidence in support of a 
bis(hydronium ion)-N20 4 complex. 
In the present structure the ligand adopts essentially a favourable, strain-free conformation in 
that no stereochemical restrictions are violated. The bond distances, angles and torsion angles 
along the oligoether chain are summarized in the Table 4.4. All the C-C-0-C and C-0-C-C 
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TABLE 4.4 Bond distances (A), bond angles (0 ) and torsion angles (0 ) along the oligoether chain 
of NOCO. 
A B C 
C(ll) N(ll) C(15) 
N(ll) C(15) C(19) 
C(15) C(19) 0(11) 
C(19) 0(11) C(l) 
0(11) C(l) C(2) 
C(l) C(2) 0(3) 
C(2) 0(3) C(4) 
0(3) C(4) C(5) 
C(4) C(5) 0(6) 
C(5) 0(6) C(7) 
0(6) C(7) C(8) 
C(7) C(8) 0(21) 
C(8) 0(21) C(29) 
0(21) C(29) C(25) 




































































·: The torsion angles are defined as follows: In a molecular fragment -A-B-C-D-, the torsion 
angle about the B-C bond is the dihedral angle between the planes defined by A-B-C and 
B-C-D. The strain free values of these angles are ±180° (trans) or ±60° (gauche). 
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torsion angles of the ethyleneoxy fragments are trans (mean 173°, range 169-178°), and the 
0-C-C-O torsion angles are gauche (mean 64°, range 60-69°). The C-O(aromatic) distances 
are shorter than the C-O(aliphatic) d1stances and the C(aromatic)-0-C(aliphatic) angles are 
greater than the C-0-C angles with both C atoms aliphatic. The torsion angles, bond angles 
and bond distances along the oligoether chain are similar to those observed in the corresponding 
potassium complexes of N20 4 (Chapter 5), as well as those values reported for alkali metal cation 
[47] and thiourea [48,49] complexes with analogous podand molecules. The bond distances and 
bond angles of the quinoline moieties are unexceptional and will not be discussed further here. 
A novel aspect of the present structure is that the conformation assumed by the molecule allows 
for significant intra- and intennolecular stacking interactions between the quinoline groups (see 
Figure 4.16). The distances between the mean planes of the quinoline moieties have been 
calculated to be 3.4 A for both inter- and intramolecular stacking interactions. These interactions 
result in the formation of chains of either left- or right-handed helices interspersed with BF4· 
anions, as illustrated in the packing diagram in Figure 4.17. 
The pronounced inter- and intramolecular stacking interactions observed here has, to the best of 
our knowledge, not been observed in similar quinolyl podand complexes. A significant degree of 
intramolecular stacking between quinoline heterocycles in adjacent molecules has, however, been 
observed in the bis[(8-quinolyloxy)ethoxyethyl]ether Rbl complex [62], while intennolecular 
stacking interactions occurs in the bis[(2-methyl-8-quinolyloxy)ethoxyethyl]ether Rbl complex 
[63]. 
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Figure 4.16 A projection of the molecular packing of NOCO viewed along the b axis, showing the 
inter- and intramolecular base stacking interactions between the quinoline groups. Only the BF4• 
groups of higher occupancy are shown for clarity. 
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Figure 4.17 A projection of the molecular packing of NOCO viewed along the a axis. 
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4.6 Conclusion 
The isolation of the hydrated diprotonated salt of N20 4 instead of the corresponding cobalt(II) 
complex when reacting Co(BF4)i.6H20 and N20 4 together underlines the strong Br¢nsted basicity 
of the quinolyl terminal groups as established by 1H and 13C NMR studies. The formation of this 
compound could also be attributed to the fact that aqua-cations (e.g. Co(H20)/+) have a 
tendency to act as acids in solution [64]. In addition, it is possible, based on the crystallographic 
result, to postulate that the energetically favourable intra- and intermolecular stacking interactions 
between the quinoline terminal groups as well as the strong hydrogen bonding interactions 
between the podand, the water molecules and the anions can be considered additional stabilizing 
factors which enhance the proton binding capabilities of N20 4• 
Clearly, the nature of the donor atoms on the ligand backbone also plays an important role in 
complexation as the podand N20 2S2 does form a stable 1:1 complex with cobalt(II). This supports 
our proposal that the ether oxygen atoms are involved in the proton transfer reactions in solution 
whereas the sulfur donor atoms are not. The structure of NOCO in fact confirms the 
participation of the ether oxygen atoms in the proton transfer equilibrium. 
The crystal structure of NOCO has also proved illuminating from the point of view that it shows 
that the molecule does not become fully extended upon protonation of the two quinoline nitrogen 
atoms, which was expected in view of the anticipated electrostatic repulsions between the two 
positively charged nitrogen atoms; the molecule assumes a helical strain-free conformation. 
Hence, based on the foregoing results it has been possible to establish that the podands N20 4 and 
N20 2S2 can act as strong proton solvating agents in non-aqueous solution. This property can be 
attributed to the basicity of the quinoline terminal groups as well as strong hydrogen bonding 
interactions between the podand, the solvent molecules and anions and the base stacking 
interactions between the terminal groups. Furthermore, we have been able to establish that while 
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the basicities of the terminal groups are not affected by the nature of the donor atoms on the 
ligand backbone, the ether oxygen atoms do appear to be involved in the proton transfer reactions 
in solution as established by the crystal structure of NOCO. 
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4. 7 Experimental 
(i) Protonation Titrations of N20 4 and N20 2S2 with DCI by means of 
1H NMR Spectroscopy 
for the evaluation of the Protonation Constants, K1 and K2• 
The deuterated acid, DCI (20% in D20), purchased from Merck, Darmstadt was standardized 
against a borax solution. For the titration a 2.39 M DCI solution was prepared by appropriate 
dilution with DMS0-d6. The ligand solutions were prepared by dissolving known quantities of 
N20 4 and N20 2S2 in 0.6 cm
3 DMS0-d6 to give 0.1497 Mand 0.0799 M solutions, respectively. 
The protonation titrations were performed by adding 10 - 20 µJ aliquots of acid, using Labora 
Mahnheim Capilettor micropipettes, directly into the NMR tube which contained the ligand 
solution and the internal standard TMS. The 1H NMR spectra were recorded after each addition 
of acid until no further changes in the chemical shifts, relative to TMS, were observed. All spectra 
were recorded at 25 ± 1 °C. 
Computations for the evaluation of the equilibrium constants using the PRONMR program (see 
Appendix 1) were carried out on a Bondwell IBM compatible microcomputer attached to a dot-
matrix Epson printer. 
(ii) Base Titration of NOCO with Triethylamine by means of 1H NMR Spectroscopy. 
The triethylamine (BDH Chemical Company) was estimated to be 97% pure by titration with an 
HCl solution which had been standardized against a borax solution. For the titration a 0.215 M 
triethylamine solution was prepared by appropriate dilution with DMSO-d6• A 0.0216 M solution 
of NOCO was prepared by dissolving a known quantity of the compound in 0.6 cm3 of DMS0-d6• 
This solution was transferred into an NMR tube and TMS was added as an internal standard. The 
titration was performed by adding 10 - 20 µ!amounts of the triethylamine solution, using Labora 
Mahnheim Capilettor micropipettes, to the NOCO solution in the NMR tube. The 1H NMR 
spectra were recorded after each addition until no further changes in the chemical shifts values 
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for the proton resonances of NOCO, relative to TMS, were observed. All the spectra were 
recorded at 25 ± 1 °C. 
(iii) Protonation Titration of N20 4 with Trifluoroacetic Acid by means of Fluorimetry. 
A 0.0015 M solution of N20 4 was prepared by dissolving a known quantity of the ligand in 3 cm
3 
of acetone. This solution was transferred into a 1 cm quartz cell. The titration was performed 
by adding 20 - 50 µ,lamounts of a 0.024 M trifluoroacetic acid (Merck, Darmstadt) solution in 
acetone, using Labora Mahnheim Capilettor micropipettes, to the ligand solution. The 
fluorescence emission spectra were recorded after each addition of acid over the spectral range 
of 600 - 300 nm using an excitation wavelength of 325 nm. All spectra were recorded at 25 ± 
0.1°C. 
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CHAPTERS 
COORDINATION CHEMISTRY OF N20 4 AND N20 2S2 
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5.1 Introduction 
"The term complexation names a phenomenon easy to recognize but difficult to define because of its 
many manifestations." Cram et al., 1977 [1]. 
A complex can be defined, according to Cram et al., as two or more compounds bound to one 
another in a definable structural relationship by forces such as hydrogen bonding, ion-pairing, 
metal ion to ligand attractions, 'TT acid - 'TT base attractions, van der Waals attractive forces, the 
entropic component of desolvation or partially made and broken covalent bonds (transition states) 
[1]. 
In macrocyclic and acyclic polyether chemistry the complexing partners are conveniently classified 
as hosts and guests. The host component is defined as an organic molecule (in neutral or ionized 
form) whose binding sites converge in the complex. The guest component is defined as any 
molecule or ion whose binding sites diverge in the complex [1 ]. Guests may be neutral or ionic 
organic molecules, metal ions or metal-ligand assemblies. Hosts are usually larger than the guests 
since positioning of convergent binding sites involves support structures not required for guests. 
Host compounds include acyclic, cyclic, bicyclic or polycyclic compounds that frequently contain 
repeating units. 
A host-guest relationship involves a complementary stereoelectronic arrangement of binding sites 
in host and guest. Contacts at several sites between host and guest depend on complementary 
placements of binding sites, making use of the self-evident principle of complementarity: 'to 
complex the host must have binding sites which cooperatively contact and attract binding of guests 
without generating strong non-bonded repulsions' [2,3]. In all cases, a mutual geometrical and 
topological fit between host and guest molecules is essential for adduct stabilization. 
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Alkali metal complexes of crown ethers/coronands and podands can be considered as host-guest 
complexes in which the guest entity is spherical and entrapped in a cavity formed by the cyclic or 
acyclic host molecule. In the case of crown ethers or coronands, this cavity site has a 
predetermined shape to accept metal ions or molecules of a specific size without major 
conformational changes [ 4,5]. The flexibility of podands, on the other hand, allows the ligand to 
adopt a suitable conformation according to the shape and size of the guest entity in such a way 
so as to optimize host-guest interactions [4,5]. As already noted in Chapter 1, numerous crystal 
structures of podand complexes have shown that, depending on the number of ethyleneoxy units, 
the acyclic ligand can wrap around the metal ion or neutral organic molecule in either a planar, 
helical or spherical arrangement [ 4-7]. In certain cases, particularly with podands containing 2 to 
4 ethyleneoxy units, the ligand cannot enclose the cation completely, thus leaving room for 
additional coordination from the counterion [6,7] or a solvent molecule [8]. 
Macrocyclic compounds, however, generally form two-dimensional complexes, leaving open 
coordination. sites above and below the metal cation, with which the anion or solvent molecules 
can interact [4]. The association of the anion or solvent with the complexed cation has been 
demonstrated to have a significant influence on crown ether-cation interactions, causing changes 
in complex stability and structure [9-13]. In the presence of strongly coordinating anions, the 
strong ion pair formation between the complexed cation and anion generally results in the metal 
cation being displaced from the mean plane of the crown ether ring and can also lead to changes 
in the crown ether conformation. 
Hence, the question arises as to whether the association of the counterion or solvent in podand 
complexes will also have a significant influence on the podand-cation interactions, causing changes 
in the complex stability and/or structure. Laszlo et al. [8] have found that the formation constant 
K for the sodium perchlorate complex of 1,11-bis(a-(methylamido)phenoxy)-3,6,9-trioxaun-
decane, which has at least one vacant coordination site, depends strongly on the nature of the 
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solvent employed. For example, in pyridine K = 548 M·1 (T = 279 K), while in acetonitrile K = 
34 M·1 (T = 273 K). The considerable difference in the complex stabilities reflects the 
coordination of at least one pyridine solvent molecule which further stabilizes the complex, 
whereas in acetonitrile, which has a much weaker electron donor property, solvent coordination 
to the cation is no longer significant. These results clearly demonstrate that the nature of the 
solvent can have a profound influence on the complex stability of podand complexes which have 
vacant coordination sites. 
It may thus be reasonable to anticipate that the structures of certain podand complexes may be 
altered in the presence of strongly coordinating anions. The molecule examined in this work, 
N20 4, has only six potential donor sites. Since the majority of potassium complexes have been 
found to be 7 or 8 coordinate, the formation of potassium complexes with N20 4 having at least 
one vacant coordination site seemed plausible. It was thus decided to prepare potassium 
complexes of N20 4 with anions of different size and nucleophilicity, such as the tosylate and 
thiocyanate anions. Convincing evidence that the anions are indeed associated with the complexed 
cation was obtained from their 1H NMR spectra in CDC13. Thus the solution and solid state 
structures of these two complexes were examined by means of 1H and 13C NMR spectroscopy and 
X-ray crystallography respectively, the results of which are described in Section A of this Chapter. 
In the second part (Section B) of this Chapter, the effect on the ligand binding properties of 
altering the donor atom set of the quinoline podands from NOOOON to NOSSON is addressed. 
The coordinating behaviour of macrocyclic compounds has been found to depend on the nature 
of the donor atoms. By replacing oxygen donor atoms with sulfur in crown ethers the complex 
stabilities of alkali metal complexes are dramatically reduced [12,13]. On the other hand, the 
sulfur-containing coronands tend to form stronger complexes with transition metal cations, which 
is consistent with Pearson's Hard and Soft Acid and Base (HSAB) principle [14). Consequently, 
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the replacement of the two central ether oxygens in N20 4 with sulfur to give N20 2S2 could alter 
the coordinating properties of these quinoline podands significantly. Furthermore, unlike alkali 
metal cations, which may be considered spherical, transition metal cations have preferred 
coordination numbers and geometries depending on their electronic configurations, and are thus 
stereochemically more demanding. In section B, the complexation reactions of N20 2S2 with 
Potassium, Cobalt(II), Copper(II) and Copper(!) are discussed and the coordination chemistries 
of the two ligands, N20 4 and N20 2S2, compared. 
SECTION A: POTASSIUM COMPLEXES OF N20 4: EFFECT OF 
ANION (OR SOLVENT) COORDINATION ON THE PODAND-
POTASSIUM ION INTERACTIONS 
SA.I Preparation of Potassium complexes: [(N20 4).KTosylate] and 
[(N20 4).KNCS] 
[(N20 4).KTosylate]: The 1:1 potassium tosylate complex of N20 4 is one of the reaction products 
formed ·during the preparation of the ligand and can be isolated as pale pink-brown crystals from 
a chloroform solution. 
[(N20 4).KNCS]: The potassium isothiocyanate complex can be obtained by combining equimolar 
amounts of KNCS in methanol and N20 4 in ethyl acetate and heating the mixture under reflux 
for 0.5h. On standing an analytically pure 1:1 complex crystallizes out as yellow platelets. 
For both complexes, the crystals obtained were suitable for X-ray diffraction analysis without 
further recrystallization. The physical properties and analytical data for both complexes are given 
in the Table 5A 1, and the preparative details and infrared data are given in the Experimental 


















Calc:60.6; 5.1 ; 4.6 
Found:60.65; 5.15; 4.65 
Calc:59.9; 4.8 ; 8.4 
Found:59.8; 4.85; 8.4 
SA.2 1 H and 13c NMR Spectroscopic Study 
The 1H and 13C NMR peak assignments are based on the same atomic numbering scheme used 
in Chapters 3 and 4. 
SA.2.1 Results 
1H NMR Studies 
As may be seen in Figure 5Al, the 1H NMR spectra of the [(N20 4).KTosylate] and 
[(N20 4).KNCS] complexes in CDC13 are remarkably different. The 
1H NMR spectrum of the 
former complex is very similar to that of the uncomplexed ligand, except for the H2 protons which 
are shifted upfield by 0.07 ppm in the complex. On the other hand, in the 1H NMR spectrum of 
the [(N20 4).KNCS] complex, all the resonances are shifted relative to those of N20 4, especially 
the H2 and H3 protons which undergo pronounced upfield shifts of 0.63 and 0.22 ppm, 
respectively. The marked difference between the two spectra strongly suggests that the anions are 
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associated with the complexed cations in CDC13 solution, the anion having a significant influence 
on the overall conformation of the ligand in both complexes. 
In DMSO-d6, however, the 
1H NMR spectra of the two complexes are essentially identical, as 
shown in Figure SAL Compared to the 1H NMR spectrum of N20 4 in DMSO-d6, the protons 
which are most affected are the H2 and H3 protons, which, unlike the other quinoline protons, are 
shifted upfield by 0.29 and 0.12 ppm, respectively. The similarity in the spectral features of the 
two complexes in DMSO-d6 clearly indicates that the ligand adopts approximately the same 
conformation around the potassium ions, irrespective of the anion involved. This implies that the 
anion assumed to coordinate to the complexed potassium is displaced from the coordination 
sphere of the cation by a DMSO molecule, yielding essentially the same solvated complexed cation 
in DMSO-d6 solution. 
The foregoing results demonstrate that the complexed cation-anion interactions are significantly 
influenced by both the nature of the anion and the solvent employed. In order to gain further 
insight into the specific nature of the complexed cation-anion interactions in solution, the 1H 
NMR spectra of both complexes were recorded in deuterated solvents with electron donor 
properties (based on the Gutmann donicity scale [15]) and dielectric constants higher than that 
for CDC13 but lower than that for DMSO-d6, namely, CD3N02, CD3CN and CD3COCD3. 
The 1H NMR chemical shift data and peak assignments for both complexes in the various solvents 
are summarized in Table 5A2. The total shifts, aoH(n)• relative to the free ligand are given in 
parentheses, where aoH(n) = oH(L) - 6Hcq, oH(L) and 6Hcq representing the 1H chemical shifts 
for a particular proton for the ligand and complex, respectively. The negative values designate a 












































































































































































































































































































































































































































































































































































































































































































































































































































































The 1H NMR spectra of the two complexes differ in the various solvents, as indicated by the 
~BH(n) values listed in Table 5A2. To illustrate the difference between the two complexes more 
clearly, the proton chemical shifts for the individual protons ( excluding H5 and H6), for both 
complexes and the uncomplexed ligand, are compared graphically (BH(n) versus solvent), as 
illustrated in Figure 5A2. Upon complexation all the proton resonances, excluding H2 and H3, 
are shifted downfield. The induced shifts are generally more pronounced for [(N20 4).KNCS] 
compared to those for the [(N20 4).KTosylate] complex. However, in both complexes, the H2 
protons are clearly the most affected by the different anions and solvents. 
Upon complexation, the 1H NMR spectra for the -OCHAA.CH88.0- fragments remain 
characteristic of a four spin AA'BB' coupled system. The average vicinal coupling constants, 
estimated using an NMR analysis computer program, NMR SUBMISSIONS [16), are similar to 
those observed for the free ligand, suggesting that the main contributing conformation has the 
oxygens in gauche orientation. The average vicinal coupling constants estimated for this fragment 
in the [(N20 4).KTosylate] complex, in CDCl3, display the largest coupling (JAB = J A'B' = 5.25; 
J A'B = JAB' = 3.5 Hz), and are similar to the values estimated for N20 4 in CDCl3. In the other 
solvents, the average vicinal coupling constants decrease and are similar to those estimated for the 
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TABLE SA.3 The estimated average vicinal coupling constants (Hz), JAB, J A'B', J A'B and JAB', for 
the -OeHAA.eH88,0- fragment in the [(N20 4).KTosylate] and [(N20 4).KNeS] complexes. 
solvent 
JAB, JA'B' JA'B, JAB, JAB, JA'B' JA'B, JAB' 
eDel3 5.25 3.5 4.65 1.8 
eD3N02 4.6 1.7 4.4 1.8 
eD3eN 4.6 1.7 4.4 1.8 
eD3eOeD3 4.6 1.7 4.4 1.8 
DMSO-d6 4.3 1.9 4.45 2.0 
13C NMR Studies 
The Be NMR spectra for the two complexes in eDel3 could unfortunately not be measured on 
account of the poor solubility of these complexes in this solvent. Instead, the Be NMR spectra 
of [(N20 4).KTosylate] and [(N20 4).KNeS] were recorded in DMSO-d6 and eD3N02• The Be 
chemical shift data and peak assignments are given in Table 5A4. The total shifts relative to the 
free ligand, .ase(n) = se(L) - secq, where se(L) and se(C) represent the Be chemical shifts for 
the uncomplexed and complexed ligand respectively, are given in parentheses. The positive values 
indicate an upfield shift while the negative values a downfield shift. 
The Be NMR spectra for the two potassium complexes are identical in DMSO-d6 confirming that 
the bound ligand has essentially the same average conformation in the two complexes. In 
eD3N02, the Be NMR spectra for the two complexes differ slightly, which is also consistent with 
the 1H NMR results. The magnitude of the total shifts, .ase(n)' are generally greater in eD3N02 
than those observed in DMSO-d6• However the differences are small, suggesting that the average 
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conformation of the bound ligand, in the two complexes, does not differ significantly in the two 
solvents. 
TABLE SA.4 The 13C NMR chemical shift data (ppm) for [(N20 4).KTosylate] and 
[(N20 4).KNCS] in DMSO-d6 and CD3N02• The total shifts, .6.5C(n)• relative to the free ligand 
are given in parentheses. 
C atom [(N20 4).KTosylate] 
DMSO-d6 DMSO-d6 
C2 148.9(0.1) 150.8(0.4) 148.9(0.1) 150.8(0.4) 
C3 121.8(0.1) 123.4(0.2) 121.8(0.1) 123.4(0.2) 
C4 136.0(0.3) 137.9(0.6) 136.0(0.3) 138.0(0.7) 
cs 109.3(0) 110.5(0) 109.3(0) 110.5(0) 
C6 126.8(0.1) 128.4(0.2) 126.8(0.1) 128.5(0.3) 
C7 119.8(-0.1) 121.8(0.6) 119.8(-0.1) 121.9(0.7) 
C8 153.9(-0.4) 155.4(-0.8) 153.9(-0.4) 155.2(-0.9) 
C9 139.4(-0.2) 141.0(-0.2) 139.4(-0.2) 141.1(-0.1) 
ClO 129.0(0) 131.1(0.1) 129.0(0) 131.1(0.1) 
CAA' 69.6(-0.4) 71.4(-0.4) 69.6(-0.4) 71.3(-0.5) 
CBB' 68.6(-0.3) 70.4(-0.4) 68.6(-0.3) 70.4(-0.4) 
CCC' 67.5(-0.4) 69.0(-0.5) 67.5(-0.4) 68.9(-0.6) 
I 
SA.2.2 Discussion 
In the 1H NMR spectra of [(N20 4).KTosylate] and [(N20 4).KNCS) distinct changes in the 
chemical shifts of the quinoline protons are observed, indicating the participation of the quinoline 
nitrogen in coordination of the K + cation. Particularly noticeable are the pronounced upfield 
shifts of the H2 and H3 proton resonances. In the 
1H NMR spectra for closely related podand 
complexes pronounced upfield shifts for some of the terminal group protons have also been 
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observed [6]. For example, in the 1H NMR spectrum for the KSCN complex of 1,11-bis(quinolyl-
oxy)-3,6,9-trioxaundecane (which contains an extra ethyleneoxy unit compared to N20 4) in 
CDC13, upfield shifts of 0.52 ppm have been observed for the protons attached to the pyridine ring 
of the quinoline moiety [17]. According to V6gtle et al. [6] , the pronounced upfield shift of some 
of the terminal group protons is due to the helical conformation adopted by the ligand upon 
complexation, as found in the crystal structures for the Rbl and KSCN complexes of 1,11-bis-
(quinolyloxy)-3,6,9-trioxaundecane [4,6]. The helical conformation of the ligand leads to partial 
stacking of the quinoline moieties, resulting in the shielding of some of the protons attached to 
the terminal groups. Further evidence supporting this explanation was obtained from the 1H 
NMR spectrum of the Rbl complex of the quinoline podand containing one ethyleneoxy unit less 
than N20 4, in which no upfield shifts were observed for the quinoline protons. Containing only 
five heteroatoms, this ligand is too short to wrap around the Rb+ ion in a helical manner, and it 
therefore adopts a planar arrangement with no possible stacking of the quinoline rings, as shown 
by the crystal structure of this complex [6]. 
Hence the pronounced upfield shifts observed for the H2 and H3 protons in the 
1H NMR spectra 
of the [(N20 4).KTosylate] and [(N20 4).KNCS] complexes can perhaps be ascribed to the ligand 
adopting a helical conformation around the potassium ion. This is in accordance with the helical 
. 
structures observed for the two complexes, as established by X-ray crystallography, (see 
section 5A3). 
Although the ligand appears to adopt a helical configuration in both complexes in the various 
solvents studied, the 1H NMR spectra show subtle differences depending on the anion and solvent 
employed, suggesting that there are subtle differences in the overall conformation of the bound 
ligand in the two complexes in the various solvents. The variation of the observed shifts with 
anion and solvent can be attributed to ion-pairing, which is a common and characteristic 
phenomenon in non-aqueous media [18-23]. 
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In studies related to ion association in non-aqueous media, several terms have been introduced 
to distinguish the various types of ion pairs that may exist, namely: contact and solvent separated 
ion pairs [19-21] , solvent shared ion pairs [22], tight and loose ion pairs [23] and ionized and 
unionized ion pairs [20,21 ]. In this discussion the first two terms ( contact and solvent separated 
ion pairs) will be used to explain the specific nature of the anion and solvent interaction with the 
complexed potassium ion in solution. In contact ion pairs, the cations and anions are considered 
to be in immediate contact with each other, while in solvent separated ion pairs, the ions are 
separated by solvent molecules [19]. 
The existence of either contact or solvent separated ion pairs will clearly depend on the properties 
of the anion and solvent. Two types of anion-dependent effects are to be expected [18]: Firstly, 
the electrostatic cation-anion interactions will depend on the properties of the anion: its charge, 
size, shape and polarizability. Secondly, the cation-anion interactions will also be affected by the 
dielectric constant of the surrounding solvent, a decrease in E will increase the strength of these 
interactions since electrostatic interactions are proportional to 1/E. 
Although cation-solvent interactions are considered to be essentially electrostatic in nature, 
elementary electrostatic models alone have been found to be inadequate for the description of ion-
solvent interactions [19). Instead, ion-solvent interactions are best characterized by the use of 
electrostatic as well as coordination chemical models [19). The coordination chemical approach 
to chemical interactions is based on the idea that most chemical reactions, including solute-solvent 
and solute-solute interactions, can be considered as Lewis acid-base reactions involving the 
formation of partial covalent bonds between the reacting species. As far as salvation of Lewis 
acids in donor solvents is concerned, the specific (coordination) term can be described by the 
Gutmann donicity concept [13,19-21). The two properties, E and Gutmann donor numbers (DN), 
will therefore be used here to try to rationalize the different cation-anion and cation-solvent 
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interactions. The corresponding DN and E values, for the various solvents used here, have been 
given in Chapter 3, Table 3.1. 
The difference between the two potassium complexes is largely manifested by the marked variation 
in the chemical shift position of the Hz protons. Hence, the total shifts, .6.6Hcz) (Table 5A2), for 
each complex in the various solvents, can be used to demonstrate the effect of the anion and 
solvent on the podand-cation interactions. 
Potassium-Nz04 complexes in CDCI3: The 
1H NMR spectra for the two complexes differ the 
most in CDC13• The upfield shift for the Hz proton in the [(Nz04).KNCS] complex (0.63 ppm) 
is much more pronounced than that for the [(Nz04).KTosylate] complex (0.07 ppm). Because 
CDC13 i& a non-coordinating solvent and has a low dielectric constant ( E = 4. 7), cation-solvent 
interactions could be considered negligible, while the electrostatic interactions between the 
complexed cation and anion will be expected to dominate giving rise to presumably contact ion 
pairs. The difference between the two spectra can therefore be attributed to the different 
properties of the anions. The tosylate anion would be expected to be a stronger coordinating 
anion towards potassium, not only because it has oxygen donor atoms but also because it has the 
ability to act as a chelating anion. Moreover, the difference in size between the tosylate and 
isothiocyanate anions will result in the ligand having to adopt different conformations around the 
cation so as to avoid steric interactions, particularly in the case of the [(Nz04).KTosylate] complex. 
The more pronounced upfield shift of the Hz proton resonance for the [(Nz04).KNCS] complex 
suggests that there is greater overlap of the two heteroaromatic moieties and thus greater shielding 
of the Hz and H3 protons in this complex compared to that in the [(Nz04).KTosylate] complex. 
Potassium-N20 4 complexes in CD3N0z, CD3CN and CD3COCD3: All three solvents have 
relatively high dielectric constants: CD3NOz ( E = 35.9); CD3CN ( E = 38.0) and CD3COCD3 ( E 
= 20.7). Acetonitrile and acetone have, according to the Gutmann donicity scale, electron donor 
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properties of comparable strength, CD3CN (DN = 14.1) and CD3COCD3 (DN = 17.0), whereas 
nitromethane has a much weaker donicity (DN = 2.7). In CD3CN and CD3N02 the ABH(z) 
values for the two complexes differ only slightly ( about 0.1 ppm, see Table 5A.2), while in 
CD3COCD3 the difference in the ABH(z) values is approximately 0.2 ppm. As these solvents have 
relatively weak coordinating capabilities towards alkali metal cations, but have high dielectric 
constants, this suggests that the complexes exist mainly as solvent separated ion pairs. Since the 
degree of dissociation depends strongly on the dielectric constant of the solvent, this may explain 
why the difference between the two complexes is greater in acetone than in CD3CN and CD3N02, 
which have similar but higher dielectric constants compared to acetone. The competing cation-
anion and cation-solvent interactions are thus presumably more pronounced in acetone _than in 
the other two solvents. To test whether the complexes are partially or completely dissociated in 
CD3N02 and CD3CN but not in CD3COCD3, conductivity measurements would have to be 
undertaken. Unfortunately, because of only a limited quantity of these crystalline complexes, these 
studies could not be carried out. 
As may be seen in Table 5A.2, the upfield shifts for the H2 protons, ABH(z)• are much greater for 
both complexes in CD3N02 and CD3CN. A possible explanation for this may be that, assuming 
the complexes are completely dissociated in these two solvents, the ligand is able to wrap around 
the potassium ion in such· a way so as to optimize only the podand-cation interactions, resulting 
in maximum overlap of the terminal groups. 
Potassium-N20 4 complexes in DMSO: The 
1H NMR spectra of the two complexes are essentially 
identical in DMS0-d6• As this solvent has a high donicity (DN = 29.8) and high dielectric 
constant ( E = 45.0) it seems reasonable to assume that the anions are displaced from the 
coordination sphere of the complexed cations by a DMSO molecule, yielding essentially the same 
solvated complexed cations in solution. 
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In summary, the foregoing results clearly demonstrate that the nature of both the anion and 
solvent has a significant influence on the podand-cation interactions and therefore on the overall 
conformation of the bound podand in solution. These effects manifest themselves in the small but 
definite differences in the 1 H NMR spectra of these complexes in various solvent systems. 
SA.3 Crystal and Molecular Structures of [ (N 20 4).KTosylate] and [ (N 2o 4).KNCS] 
SA.3.1 Experimental details, solution and refinement of the structures of 
Crystal data - Preliminary photography 
The preliminary cell dimensions and space-group symmetry were determined from oscillation and 
Weissenberg photographs. For [(N20 4).KTosylate] and [(N20 4).KNCS] the systematic absences 
OkO, k = 2n + 1 and hOl, l = 2n + 1 indicated the space group n 1/c [24]. 
Intensity data - X-ray diffraction data collection 
Accurate cell parameters were obtained from a least-squares analysis of the setting angles of 24 
reflections in the range 16° < e < 17° automatically located and centered on an Enraf-Nonius 
CAD4 diffractometer with graphite monochromated Mo~ radiation (1 = 0.7107 A). The 
intensities were collected at room temperature with an w-20 scan, with variable scan width and 
a maximum recording time of 40s. The data were corrected for Lorentz-polarization but not for 
absorption. 
Solution and refinement of the structures 
[(N20.J.KTosylate]: The structure was solved by direct methods using SHELXS-84 [25] and 
refined using a large version of SHELX 76 [26]. In the final refinements, all the non-hydrogen 
atoms were treated anisotropically and hydrogen atoms isotropically. Quinoline and phenyl 
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hydrogens were placed in calculated positions with a single temperature factor as were the 
methylene hydrogens on the ligand. The methyl hydrogens were treated as a rigid group with a 
single isotropic temperature factor constrained to 1.2 x U11 of the parent carbon. A weighting 
scheme, w = ( a2Fy-1, was applied. In the final cycle of refinement the shift/e.s.d. was less than 0.05 
and in the final difference map, maximum and minimum residual electron densities were 0.24 and 
-0.23 e/A3, respectively. Final R = 0.038, Rw = 0.037. Attempts were made to model the charge 
separation between the complexed cation and anion by using scattering factors for K + and o·. 
No improvement in the structure occurred and hence we report the result using complex neutral 
scattering factors obtained from Cromer and Mann [27] for non-hydrogen atoms and from Stewart 
et al. [28) for hydrogen atoms, with dispersion corrections from Cromer and Liberman [29). 
[(N20 4).KNCS]: The structure was solved by direct methods using SHELXS-84 [25) and refined 
using a large version of SHELX 76 [26). In the final refinements, all the non-hydrogen atoms 
were treated anisotropically and hydrogen atoms isotropically. Quinoline and phenyl hydrogens 
were placed in calculated positions with a single temperature factor as were the methylene 
hydrogens. A weighting scheme, w =(a2F)·1, was applied. In the final cycle of refinement the 
shift/e.s.d. was less than 0.003 and in the final difference map, maximum and minimum residual 
electron densities were 0.52 and -0.32 e/A3, respectively. Final R = 0.051 and Rw = 0.049. 
Complex neutral scattering factors were taken from Cromer and Mann [27) for non-hydrogen 
atoms and from Stewart et al. [28) for hydrogen atoms, with dispersion corrections from Cromer 
and Liberman [29). 
Full details of the data collection, structure solution and refinement are summarized in Table 5A5. 
The observed and calculated structure factors for both structures are presented on microfilm in 
Appendix 2. The final atomic coordinates and temperature factors for [(N20 4).KTosylate] are 
given in Tables 5A6 and 5A 7, respectively, and for [(N20 4).KNCS] in Tables 5A8 and 5A9, 
respectively. 
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TABLE SA.5 Summary of the crystal data, details of the data collection and final refinements 
Crystal data 
Molecular formula C31H31N20~K ~H24N30 4SK 
Molecular weight/g moi-1 614.753 501.640 
Space group n11c nifc 
a!A 8.152(2) 11.172(2) 
b!A 23.097(6) 22.177(2) 
c/A 16.076(5) 9.960(2) 
al' 90 90 
13f 102.14(2) 93.51(2) 
yf 90 90 
v;A3 2959(1) 2463(1) 
z 4 4 
D/g cm·3 1.38 1.35 
µ.(MoKJ/cm·1 2.54 3.29 
F(OOO) 1288 1048 
Data collection 
Crystal dimensions (mm) 0.22 X 0.25 X 0.31 0.22 X 0.25 X 0.47 
Scan mode w - 20 w - 20 
Scan width (0 ) (0.69 + 0.35tan0) (0.95 + 0.35tan0) . 
Aperture width (mm) (1.11 + 1.05tan0) (1.12 + 1.05tan0) 
0 Range scanned (0 ) 1 - 25 1 - 25 
Number of unique 
reflections collected 4404 3704 
Number of observed 
reflections, N, 
with 1re1 > 2a(Irel) 3430 2924 
Crystal stability (%) 3.3 2.0 
Final refinement 
uiso(H of CH2)/A2 0.076(3) 0.111(5) 
uiso(H of CH)/A2 0.085(3) 0.091( 4) 
uisoCH of CH3)/A2 0.113(3) 
Number of parameters, Np 384 309 
R = }; I I Fo I - I Fe I I /2., I Fo I 0.038 0.051 
Rw = };w~ I I Fo I - I Fe I I /2.,w~ I Fo I 0.037 0.049 
TABLE SA.6 
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Fractional Atomic Coordinates (x 104) and Thermal Parameters 
(A2 x 103) of the non-hydrogen atoms with estimated standard deviations in parentheses for 
Atom x/a y/b z/c 
0(7) 6822(2) 3580(1) 4437(1) 53(1) 
K(l) 4705(1) 3160(0) 5426(0) 51(1) 
S(l) 7454(1) 3243(0) 1128(0) 49(1) 
N(l) 5026(3) 3191(1) 7216(1) 46(1) 
N(2) 6590(3) 4249(1) 5742(2) 53(1) 
0(1) 8211(3) 3153(1) 2004(1) 100(1) 
0(2) 8512(2) 3547(1) 667(1) 71(1) 
0(3) 6769(2) 2722(1) 699(2) 81(1) 
0(4) 1948(2) 3159(1) 6288(1) 52(1) 
0(5) 1177(2) 2989(1) 4511(1) 58(1) 
0(6) 3786(3) 3047(1) 3666(1) 66(1) 
C(l) 5698(3) 3705(1) 1118(2) 43(1) 
C(2) 4102(3) 3482(1) 1014(2) 58(1) 
C(3) 2743(4) 3838(1) 1023(2) 63(1) 
C(4) 2959(4) 4422(1) 1136(2) 65(1) 
~(411) 1473(5) 4819(2) 1145(3) 105(2) 
C(5) 4565(4) 4642(1) 1252(3) 83(2) 
C(6) 5921(4) 4285(1) 1235(2) 67(1) 
C(ll) 6564(4) 3190(1) 7696(2) 55(1) 
C(12) 6980(4) 3432(1) 8506(2) 63(1) 
Table SA.6 Continued/ ... 
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TABLE SA.6 Continued. 
Atom x/a y/b z/c 
C(13) 5765(4) 3697(1) 8836(2) 64(1) 
C(14) 4102(4) 3710(1) 8355(2) 55(1) 
C(15) 2763(5) 3972(1) 8650(2) 72(2) 
C(16) 1191(5) 3956(1) 8156(2) 74(2) 
C(17) 846(4) 3685(1) 7353(2) 62(1) 
C(18) 2122(3) 3433(1) 7052(2) 48(1) 
C(19) 3798(3) 3447(1) 7543(2) 45(1) 
C(21) 6494(4) 4585(1) 6394(2) 67(1) 
C(22) 6907(5) 5177(2) 6434(3) 79(2) 
C(23) 7423( 4) 5419(1) 5767(3) 78(2) 
C(24) 7535(4) 5091(1) 5053(2) 61(1) 
C(25) 8033(5) 5312(2) 4324(3) 81(2) 
C(26) 8090(5) 4969(2) 3657(3) 85(2) 
C(27) 7691(4) 4381(2) 3669(2) 69(1) 
C(28) 7209(3) 4149(1) 4357(2) 49(1) 
C(29) 7104(3) 4498(1) 5072(2) 47(1) 
C(41) 264(3) 3051(1) 5820(2) 60(1) 
C(42) 398( 4) 2675(1) 5086(2) 64(1) 
C(51) 1166( 4) 2675(1) 3744(2) 66(1) 
C(52) 2107( 4) 3003(1) 3211(2) 64(1) 
C(61) 4944(4) 3231(1) 3179(2) 65(1) 
C(62) 6637( 4) 3197(1) 3718(2) 64(1) 
*: Ueq = 1/3 (trace of the orthogonalized Uii matrix) 
TABLE SA.7 
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Anisotropic Temperature Factors .(A2 x 103) of the non-hydrogen atoms with 
estimated standard deviations in parentheses fo~ [(N20 4).KTosylate]. 
Atom 
0(7) 62(1) 51(1) 49(1) -8(1) 18(1) -11(1) 
K(l) 48(1) 57(1) 48(1) 5(1) 11(1) -5(1) 
S(l) 37(1) 60(1) 51(1) 0(1) 12(1) 5(1) 
N(l) 43(1) 49(1) 47(1) 9(1) 11(1) 1(1) 
N(2) 60(2) 50(2) 49(2) -1(1) 11(1) 2(1) 
0(1) 80(2) 163(3) 56(2) 16(2) 10(1) 60(2) 
0(2) 46(1) 83(2) 90(2) 6(1) 31(1) -2(1) 
0(3) 53(1) 55(1) 139(2) -28(2) 29(1) 0(1) 
0(4) 35(1) 64(1) 57(1) 4(1) 7(1) -5(1) 
0(5) 55(1) 53(1) 64(1) -5(1) 9(1) -12(1) 
0(6) 56(1) 92(2) 47(1) -3(1) 4(1) -10(1) 
C(l) 40(2) 51(2) 39(2) -3(1) 9(1) 3(1) 
C(2) 45(2) 52(2) 76(2) -13(2) 11(2) 3(1) 
C(3) 42(2) 72(2) 75(2) -17(2) 10(2) 5(2) 
C(4) 61(2) 67(2) 65(2) -11(2) 7(2) 23(2) 
C(411) 94(3) 99(3) 115(4) -17(3) 5(3) 51(3) 
C(5) 78(3) 46(2) 120(4) -14(2) 12(2) 5(2) 
C(6) 53(2) 51(2) 99(3) -6(2) 17(2) -2(2) 
C(ll) 48(2) 59(2) 56(2) 12(2) 9(2) -2(2) 
C(12) 62(2) 63(2) 58(2) 11(2) -1(2) -7(2) 
C(13) 88(3) 54(2) 47(2) 6(2) 5(2) -10(2) 
Table SA. 7 Continued/ ... 
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TABLE SA.7 Continued. 
Atom 
C(22) 95(3) 59(2) 75(3) -22(2) -5(2) 19(2) 
C(14) 71(2) 43(2) 54(2) 6(2) 22(2) -4(2) 
C(15) 99(3) 59(2) 67(2) -3(2) 39(2) -4(2) 
C(16) 84(3) 59(2) 94(3) 5(2) 55(2) 10(2) 
C(17) 55(2) 56(2) 81(3) 14(2) 30(2) 4(2) 
C(18) 48(2) 41(2) 57(2) 11(2) 18(2) -2(1) 
C(19) 50(2) 41(2) 47(2) 10(1) 16(1) -4(1) 
C(21) 79(2) 63(2) 57(2) -7(2) 10(2) 10(2) 
C(23) 78(3) 43(2) 101(3) -3(2) -11(2) 3(2) 
C(24) 54(2) 44(2) 76(2) 7(2) -4(2) -2(2) 
C(25) 80(3) 54(2) 105(3) 28(2) 8(2) -13(2) 
C(26) 88(3) 86(3) 84(3) 31(3) 23(2) -14(2) 
C(27) . 70(2) 76(3) 63(2) 10(2) 20(2) -8(2) 
C(28) 42(2) 57(2) 48(2) . 8(2) 9(1) -3(1) 
C(29) 40(2) 44(2) 53(2) 8(2) 1(1) 3(1) 
C(41) 36(2) 71(2) 73(2) 9(2) 7(2) -11(1) 
C(42) 45(2) 61(2) 79(2) 5(2) -4(2) -14(2) 
C(51) 56(2) 61(2) 76(2) -19(2) -2(2) -6(2) 
C(52) 63(2) 67(2) 55(2) -17(2) -3(2) 1(2) 
C(61) 73(2) 69(2) 52(2) -14(2) 14(2) 5(2) 
C(62) 65(2) 69(2) 61(2) -18(2) 22(2) 1(2) 
TABLE SA.8 
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Fractional Atomic Coordinates (x 104) and Thermal Parameters (A2 x 103) of 
the non-hydrogen atoms with estimated standard deviations in parentheses for [(N20 4).KNCS]. 
Atom x/a y/b z/c Ueq· 
K(l) 3597(1) 1178(1) 2112(1) 53(1) 
N(l) 4589(2) 29(1) 3009(3) 50(1) 
C(ll) 5736(3) -80(2) 2884( 4) 6~(1) 
C(12) 6339(3) -591(2) 3451(4) 70(2) 
C(13) 5724(4) -987(2) 4160(4) 70(2) 
C(14) 4501(3) -895(2) 4332(3) 57(1) 
C(15) 3814(4) -1291(2) 5082(4) 71(2) 
C(16) 2641( 4) -1178(2) 5223(4) 80(2) 
C(17) 2091(3) -674(2) 4626(4) 69(2) 
C(18) 2729(3) -279(2) 3883( 4) 51(1) 
C(19) 3969(3) -377(1) 3724(3) 46(1) 
N(2) 5720(2) 1320(1) 740(3) 51(1) 
C(21) 6005(4) 861(2) -8(4) 65(2) 
C(22) 7159(4) 734(2) -389(4) 78(2) 
C(23) 8059(4) 1112(2) 21(4) 79(2) 
C(24) 7822(3) 1622(2) 821(4) 62(2) 
C(25) 8712(4) 2035(2) 1282(5) 84(2) 
C(26) 8418( 4) 2498(2) 2064(5) 88(2) 
C(27) 7238(3) 2593(2) 2435(4) 70(2) 
C(28) 6349(3) 2203(2) 1988( 4) 51(1) 
Table SA.8 Continued/ ... 
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TABLE SA.8 Continued. 
Atom x/a y!b z/c Ueq· 
C(29) 6626(3) 1701(2) 1164(3) 48(1) 
0(1) 2258(2) 220(1) 3267(3) 62(1) 
C(31) 1019(3) 359(2) 3530(5) 87(2) 
C(32) 632(3) 849(2) 2745(6) 101(2) 
0(2) 1331(2) 1385(1) 2905(3) 83(1) 
C(41) 1228(3) 1727(2) 4074(5) 84(2) 
C(42) 1789(3) 2324(2) 3881(5) 84(2) 
0(3) 3046(2) 2246(1) 3704(3) 67(1) 
C(51) 3531(3) 2778(2) 3139(5) 73(2) 
C(52) 4858(3) 2736(2) 3137(4) 66(2) 
0(4) 5168(2) 2251(1) 2260(2) 54(1) 
S(3) 613(1) 1089(1) -2357(1) 82(1) 
C(3) 1585(4) 979(2) -1101(4) 66(2) 
N(3) 2295(4) 913(2) -231( 4) 110(2) 
*: Ueq = 1/3 (trace of the orthogonalized Uii matrix) 
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TABLE SA.9 Anisotropic Temperature Factors (A2 X 103) of the non-hydrogen atoms with 
estimated standard deviations in parentheses for [(N20 4).KNCS]. 
Atom 
K(l) 51(1) 52(1) 59(1) 1(1) 10(1) -1(1) 
N(l) 44(2) 62(2) 43(2) 0(2) 1(1) 6(1) 
C(ll) 50(2) 95(3) 45(2) -5(2) 5(2) 7(2) 
C(12) 52(2) . 104(4) 55(2) -22(3) 0(2) 31(2) 
C(13) 76(3) 79(3) 54(2) -14(2) -7(2) 33(2) 
C(14) 68(3) 58(2) 43(2) -11(2) -6(2) 17(2) 
C(15) 101(3) 52(3) 60(3) 12(2) -6(3) 7(2) 
C(16) 91(3) 70(3) 80(3) 21(3) 2(3) -10(3) 
C(17) 62(2) 64(3) 81(3) 9(2) 10(2) -6(2) 
C(18) 50(2) 47(2) 57(2) -1(2) 3(2) 4(2) 
C(19) 51(2) 46(2) 40(2) -7(2) 0(2) 7(2) 
N(2) 59(2) 51(2) 42(2) -2(1) 6(1) -6(2) 
C(21) 79(3) 67(3) 50(2) -8(2) 8(2) -3(2) 
C(22) 91(3) 89(3) 56(3) -9(2) 14(3) 16(3) 
C(23) 67(3) 114(4) 59(3) 9(3) 19(2) 22(3) 
C(24) 55(2) 77(3) 55(2) 20(2) 4(2) -1(2) 
C(25) 51(2) 103(4) 98(4) 22(3) 4(3) -10(3) 
C(26) 59(3) 82(3) 120( 4) 20(3) -22(3) -27(3) 
C(27) 72(3) 53(3) 81(3) 5(2) -19(2) -11(2) 
C(28) 52(2) 47(2) 55(2) 11(2) -4(2) -5(2) 
Table SA.9 Continued/ ... 
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TABLE SA.9 Continued. 
Atom U11 
C(29) 52(2) 51(2) 39(2) 10(2) 0(2) -3(2) 
0(1) 41(1) 52(2) 93(2) 13(2) 2(1) 6(1) 
C(31) 35(2) 77(3) 148(5) 23(3) 2(3) 3(2) 
C(32) 46(2) 84(4) 175(5) 27(4) 11(3) 3(2) 
0(2) 59(2) 58(2) 133(3) 1(2) 32(2) 3(1) 
C(41) 64(3) 102(4) 87(3) 15(3) 23(3) 13(3) 
C(42) 69(3) 74(3) 110(4) -4(3) 26(3) 26(2) 
0(3) 67(2) 52(2) 83(2) 3(2) 10(2) 15(1) 
C(51) 80(3) 42(2) 95(3) -2(2) 6(3) 11(2) 
C(52) 83(3) 38(2) 77(3) -8(2) -2(2) 4(2) 
0(4) 57(2) 46(2) 60(2) -8(1) -2(1) 0(1) 
S(3) 59(1) 98(1) 89(1) -16(1) 4(1) 2(1) 
C(3) 80(3) 70(3) 52(2) -7(2) 25(2) -28(2) 
N(3) 136(4) 130(4) 61(3) 18(3) 13(3) -49(3) 
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SA.3.2 Description of the molecular structures 
The molecular structures with atomic nomenclature for [(N20 4).KTosylate] and [(N20 4).KNCS] 
are shown in Figures 5A3 and 5A4, respectively. The atom numbering scheme is arbitrary and 
not the same in the two structures. Computer-simulated space-filling diagrams of the X-ray 
structures are illustrated in Figures 5A5 and 5A6, respectively. 
In both structures the ligand adopts a helical arrangement around the K + ion, which is 
coordinated to all six heteroatoms (O,N) of the ligand as well as to the anion associated with each 
complex: ([(N20 4).KTosylate]: K-0(3) (2.620(2) A); [(N20 4).KNCS]: K-N(3) (2.737(7) A)). The 
complexes are chiral and since both structures are centrosymmetric, both enantio~ers of each 
complex are present in the crystal lattice. 
Con[ ormation of oligoether chain 
The bond distances, bond angles and torsion angles along the oligoether chain in 
[(N20 4).KTosylate] and [(N20 4).KNCS] are given in Tables 5A10 and 5All, respectively. The 
bond distances are, on average, 1.47 A for aliphatic C-C, 1.43 A for (aliphatic)C-0 and 1.36 A 
for (aromatic)C-0 bonds. The aliphatic C-C-0 and ·c-O-C bond angles are approximately 
109° and 114° respectively, whereas the (aromatic)C-0-C(aliphatic) bond angles are 
approximately 117°. These values correspond well with those reported for analogous podand 
metal ion complexes [6,7]. 
It is interesting to note that the aliphatic C-C bond distances are much shorter than the observed 
mean value l.524Areported for C(sp3)-C(sp3) bonds in -CH2-CH2 - fragments [30]. However, 
the aliphatic C-C bonds have been found to be systematically short in most of the crystal 
structures of cyclic and open-chain oligoethers and their complexes [4]. According to Hilgenfeld 
and Saenger, the short C-C bonds might result from the slightly polarized character of the 
adjacent C-0 bonds which causes partially positive charges on the carbon atoms [4]. 
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Figure SA.3 Perspective view of the molecular structure of [(N20 4).KTosylate] showing the atom 
numbering scheme for all non - hydrogen atoms. 
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Figure SA.4 Perspective view of the molecular structure of [(N20 4).KNCS] showing the atom 
numbering scheme for all non-hydrogen atoms. 
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Figure SA.5 Computer-simulated space-filling representation of the X-ray structure of 
[(N20 4).KTosylate]. (C = black, 0 = red, N = blue, S = yellow and K = purple) 
Figure SA.6 Computer-simulated space-filling representation of the X-ray structure of 
[(N20 4).KNCS]. (C = black, 0 = red, N = blue, S = yellow and K = purple) 
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TABLE SA.10 Bond distances (A), bond angles (0 ) and torsion angles (0 ) along the oligoether 
chain of [(N20 4).KTosylate] with estimated standard deviations in parentheses. 
A B C D 
C(ll) N(l) C(19) C(18) 
N(l) C(19) C(18) 0(4) 
C(19) C(18) 0(4) C(41) 
C(18) 0(4) C(41) C(42) 
0(4) C(41) C(42) 0(5) 
C(41) C(42) 0(5) C(51) 
C(42) 0(5) C(51) C(52) 
0(5) C(51) C(52) 0(6) 
C(51) C(52) 0(6) C(61) 
C(52) 0(6) C(61) C(62) 
0(6) C(61) C(62) 0(7) 
C(61) C(62) 0(7) C(28) 
C(62) 0(7) C(28) C(29) 
0(7) C(28) C(29) N(2) 

































114.6(3) -2.1( 4) 
118.7(3) -179.5(3) 
·: The torsion angles are defined as follows: In a molecular fragment -A-B-C-D-, the torsion angle 
about the B-C bond is the dihedral angle between the planes defined by A-B-C and B-C-D. The 
strain free values of these angles are ±180° (trans) or ±60° (gauche). 
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TABLE SA.11 Bond distances (A), bond angles (0 ) ~nd torsion angles (0 ) along the oligoether 
chain of [(N20 4).KSCN] with estimated standard deviations in parentheses. 
A B C D 
C(ll) N(l) C(19) C(18) 
N(l) C(19) C(18) 0(1) 
C(19) C(18) 0(1) C(31) 
C(18) 0(1) C(31) C(32) 
0(1) C(31) C(32) 0(2) 
C(31) C(32) 0(2) C(41) 
C(32) 0(2) C(41) C(42) 
0(2) C(41) C(42) 0(3) 
C(41) C(42) 0(3) C(51) 
C(42) 0(3) C(51) C(52) 
0(3) C(51) C(52) 0(4) 
C(51) C(52) 0(4) C(28) 
C(52) 0(4) C(28) C(29) 
0(4) C(28) C(29) N(2) 


































118.6(3) -179.6( 4) 
· : The torsion angles are defined as follows: In a molecular fragment-A-B-C-D-, the torsion angle 
about the B-C bond is the dihedral angle between the planes defined by A-B-C and B-C-D. The 
strain free values of these angles are ±180° (trans) or ±60° (gauche). 
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The torsion angles about the C-C bonds are expectedly gauche ( ±60°) ([(N20 4).KTosylate]: 
mean 64.1°, range: 62.7(3) - 66.9(3)0 and [(N20 4).KNCS]: mean 61.4°, range: 56.5(5) - 64.6(4)
0
), 
while those at the C-0 bonds are in general trans (±180°) orientated ([(N20 4).KTosylate]: 
mean 171.8°, range: 166.2(3) - 175.5(3)0 and [(N20 4).KNCS]: mean 171.3°, range: 
163.3(3) - 174.8( 4)0 ). Similar values have been previously reported for closely related podand 
complexes [4,6,7] as well as for crown ether metal ion complexes [4]. 
Although N20 4 has the same number of donor atoms as 18-crown-6 which has an optimum 
cavity size for the K + ion, in the present structures the ligand is unable to wrap around the K + 
ion in a circular arrangement but has to adopt a helical configuration so as to avoid intramolecular 
collision between the terminal quinoline moieties. The helical structure of the ligand molecule 
is achieved by the rotation of one C-0 bond from trans to gauche. In the [(N20 4).KTosylate] 
complex it is the torsion angle C( 61 )-C( 62)-0(7)-C(28) ( -83.9(3 )0 ), which is directly connected 
to the terminal group, that is altered. On the other hand in the [(N20 4).KNCS] complex, bond 
rotation from trans to gauche occurs two bonds earlier at C(31)-C(32)-0(2)-C( 41) (-74.4(5)0 ). 
A similar helical arrangement is adopted in the KSCN and Rbl complexes of 
1,11-bis(quinolyloxy)-3,6,9-trioxaundecane (abbreviated to N20 5 for this discussion), which has 
an extra ethyleneoxy unit compared to N20 4 [4,31,32]. In these complexes, the helical 
conformation of N20 5 is also achieved by the rotation of one C-0 bond from trans to gauche. 
The 'abnormal' C-0 torsion angle, indicated by an arrow in Figure SA 7, is associated with the 
same bond in both complexes. The dihedral angle of this bond in the KSCN -N20 5 complex (75°) 
and the Rbl-N20 5 complex (69°) [4,31,32], is similar to that observed in the present structures. 
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Figure SA. 7 The molecular structure of the Rbl complex of 1,11-bis ( quinolyloxy) -3,6,9-tri-
oxaundecane [31,32] 
Most of the heteroatoms in the [(N20 4).KTosylate] and [(N20 4).KNCS] complexes are coplanar, J 
as observed in a number of linear oligoether metal complexes [4,6,7]. In the [(N20 4).KTosylate] 
complex this pertains to atoms N(l), 0(4), 0(5) and 0(6) (mean plane within 0.02 A). The 0(7) 
and N(2) atoms are located 1.08 and 2.49 A respectively above this plane, the increasing distances 
indicating the helical character of the ligand. The K + ion lies 0.08 A above the plane described 
by the atoms mentioned above. The geometrical arrangement of the heteroatoms of the ligand 
gives rise to a nearly perpendicular orientation of the heterocycles with respect to each. other. 
The dihedral angle between the planes of the quinoline rings is 82.9°. On the other hand in the 
[(N20 4).KNCS] complex, the N(2), 0( 4), 0(3) and 0(2) atoms are coplanar within 0.05 A. The 
0(1) and N(l) atoms and K+ ion lie 1.97, 2.89 and 0.46 A respectively out of this plane. The 
dihedral angle between the planes of the terminal groups is 65.2°, which is considerably smaller 
than that observed in the [(N20 4).KTosylate] complex. In the corresponding KSCN and Rbl 
complexes of N20 5, the K+ and Rb+ ions are situated 0.66 and 0.75 A above the planar part of 
the ligand [4,31,32]. 
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Coordination to the potassium 
The relevant bond lengths and bond angles for the [(N20 4).KTosylate] and [(N20 4).KNCS] 
complexes are listed in Tables SA 12 and SA 13, respectively. 
In both structures, one of the K + -N bond distances ([(N20 4).KTosylate]: K + -N(l), 2.835(2) A and 
[(N20 4).KNCS]: K+ -N(2), 2.829(3) A) is close to the value of 2.83 A which is the sum of the 
corresponding ionic and van der Waals radii [14]. The other K+ -N bond distance 
([(N20 4).KTosylate]: K+ -N(2), 2.936(3) A a~d [(N20 4).KNCS]: K+ -N(l), 2.896(2) A) is extended. 
These distances are greater than those observed in the KSCN-N20 5 complex (K+ -N: 
mean 2.81 A), which are slightly shorter than the sum of the ionic and van der Waals radii [14]. 
The K+ -N distances in the present structures are however similar to those observed in the KNCS 
coronand complex of tetraoxa -1, 7, 10, 16-diaza -4, 13-cyclooctadecane, where the K + -N distances 
are 2.856(3) A [33]. 
The K + -0 bond distances in both complexes display a large variation, and are, on average, greater 
than the sum of the ionic and van der Waals radii (2.73 A) [14]. The K+ -0 bond distances in the 
[(N20 4).KTosylate] complex range from 2.757(2) to 2.969(2) A (mean 2.85 A), while in 
[(N20 4).KNCS] the K+ -0 bond distances range from 2.736(3) to 2.957(3) A (mean 2.88 A). 
These distances are significantly longer than those observed for the dibenzo-18-crown-6.KNCS 
(2.71 - 2.80 A, mean 2.76 A) [4] and 18-crown-6.KNCS (range: 2.77 - 2.83 A, mean: 2.81 A) 
[34] complexes. A similar variation and extension in the K + -0 bond distances is observed in the 
KSCN-N20 5 complex (range: 2.80 - 2.93 A, mean:2.86 A) as well as in some 
potassium-18-crown-6 complexes that have strongly coordinating anions, for example: 
[18-crown-6.potassium ethyl acetoacetate enolate] (range: 2.83 to 3.02 A, mean: 2.93 A) [35] 
and [18:_crown-6.potassium tosylate] (range: 2.78 to 2.94 A, mean: 2.87 A) [36]. 
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TABLE SA.12 Relevant bond lengths (A) and bond angles (0 ) in [(N20 4).KTosylate] with 
estimated standard deviations in parentheses. 
Bond lengths Bond angles 
K(l)-N(l) 2.835(2) N(l)-K(l)-N(2) 82.5(1) 
K(l)-N(2) 2.936(3) N(l)-K(l)-0(4) 55.0(1) 
K(l)-0(4) 2.878(2) 0( 4)-K(l)-0(5) 57.7(1) 
K(l)-0(5) 2.969(2) 0(5)-K(l)-0(6) 57.2(1) 
K(l)-0(6) 2.783(2) 0(6)-K(l)-0(7) 60.9(1) 
K(l)-0(7) 2.757(2) 0(7)-K(l)-N(2) 55.3(1) 
K(l)-0(3) 2.620(2) 
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TABLE SA.13 Relevant bond lengths (A) and bond apgles (0 ) in [(N20 4).KNCS] with estimated 
standard deviations in parentheses. 
Bond lengths Bond angles 
K(l)-N(l) 2.896(2) N(l)-K(l)-N(2) 86.1(1) 
K(l)-N(2) 2.828(3) N(l)-K(l)-0(1) 55.0(1) 
K(l)-0(1) 2.877(3) O(l)-K(l)-0(2) 59.8(1) 
K(l)-0(2) 2.736(3) 0(2)-K(l)-0(3) 58.7(1) 
K(l)-0(3) 2.937(3) 0(3)-K(l)-0(4) 57.8(1) 
K(l)-0(4) 2.957(3) 0( 4)-K(l)-N(2) 54.6(1) 





0( 4)-K(l)-N(3) 119.9(1) 
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It is interesting to note that in the corresponding potassium thiocyanate and rubidium iodide 
complexes ofN20 5 and other similar metal-podand complexes, the K+ -O(aromatic) bond distances 
were found to be significantly longer than those observed for the K + -0( aliphatic) distances 
(4,6,7,32]. Vogtle et al. [32] have ascribed this distance distribution to the difference in 
electronegativity between the oxygen atoms bonded to the aliphatic chains and those in the 
aromatic system. Toe aromatic oxygens are thought to have a partial positive charge owing to 
mesomeric effects and thus a relatively weaker basicity than the aliphatic oxygens. A similar 
distribution in K + -0 bond distances is however not observed in the present structures. Evidently 
other factors besides the difference in the electronegativities of the oxygen donor atoms must 
account for the variation in the K + -0 distances in the present structures, such as steric factors, 
the limited length of the podand and the strong complexed cation-anion interactions. 
Toe bond angles formed by two adjacent donor sites with K + as apex are similar in both 
complexes and can be divided into three categories. (i) Toe 0-K+ -0 angles (range: 
57.7(1) - 60.9(1)0 , mean 58.7°) which are determined by the specific geometry of the 
-0-CH2CH2-0- fragments within the oligoether chain. (ii) The N-K+ -0 angles of 54.6(1)
0 
to 55.3(1)0 (mean 55°) which are laid down by the atomic arrangement in the 8-quinolyloxy 
moiety and (iii) the N-K+ -N angles 82.5(1)0 • and 86.1(1)0 for the [(N20 4).KTosylate] and 
[(N20 4).KNCS] complexes respectively, which result from the acyclic structure of the ligand. 
In the crystal structures of the KSCN-N20 5 and Rbl-N20 5 complexes, the K+ and Rb+ ions are 
completely shielded by the ligand so that the anion is not included in the coordination sphere of 
the central ion (4,31,32]. However, by decreasing the chain length of the quinoline podand by one 
ethyleneoxy unit, N20 4 still adopts a helical conformation around the K+ ion but an additional 
coordination site remains vacant which is occupied by the coordination of the counterion. 
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In the [(N20 4).KTosylate] complex, the tosylate anion, which has an ordered structure, is 
coordinated to the K + ion through one of the oxygen atoms (0(3)), while in the [(N20 4).KNCS] 
complex the isothiocyanate anion, which also has an ordered structure, coordinates through the 
nitrogen, N(3), atom. The K+ -anion distances, K+ -0(3) (2.620(2) A) and K+ -N(3) (2.737(7) A), 
are significantly shorter than the sum of the corresponding ionic and van der Waals radii, 2.73 and 
2.83 A (14], respectively. These results indicate that in the solid state the KTosylate and KNCS 
exist as strong contact ion pairs in these complexes. 
It is noteworthy that in the corresponding potassium isothiocyanate complex of 18-crown-6, the 
isothiocyanate anion is only weakly coordinated to the K+ ion (K+ -N: 3.19 A), which is positioned 
exactly in the mean plane of the ligating ether oxygen atoms (34]. In the 
(18-crown-6.KTosylate] complex however, the tosylate anion is strongly coordinated to the K+ 
ion in a bidentate manner (K + -0: 2.69 and 2.93 A) (35]. As a result of the strong ion pairing in 
this complex the K+ ion is displaced from the mean plane of the crown ether ring by 0.79 A 
towards the chelating anion, and this results in the extension of the K + -:0 bond distances as 
mentioned earlier. Thus in the presence of weakly coordinating anions the complexation of the 
potassium ion with 18-crown-6 weakens the potassium-anion interactions. This is in contrast 
to the podand complexes in which the potassium isothiocyanate exists as a strong contact ion pair 
in the ((N20 4).KNCS] complex. The flexibility of the podand therefore allows the ligand to wrap 
around the potassium ion in such a way so as to optimize both podand-cation and cation-anion 
interactions. 
The bond distances and bond angles within the quinoline rings, the tosylate and isothiocyanate 
anions are unexceptional and will not be discussed further here. 
In conclusion, the present study has revealed that the anions in the [(N20 4).KTosylate] and 
[(N20 4).KNCS] complexes are strongly coordinated to the potassium ion and that the structures 
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of these complexes are not identical. The structural differences between the two complexes are 
clearly due to the difference in the size and coordinating properties of the tosylate and 
isothiocyanate anions. 
The helical structures observed for the [(N20 4).KTosylate] and [(N20 4).KNCS] complexes are in 
accordance with the 1H NMR results, where the upfield shifts observed for the H2 and H3 proton 
resonances were presumed to result from the helical conformation of the bound podand in 
solution. Hence, according to the 1H NMR and X-ray crystallographic studies, the complexes exist 
as helical structures and contact ion pairs in the solid state as well as in CDC13 solution. The 
significant differences between the 1H NMR spectra of the two complexes in CDC13 suggest that 
most of the structural features of the two complexes are maintained in solution. In the other 
solvents, DMS0-d6, CD3COCD3, CD3CN and CD3N02, the bound ligand also adopts a helical 
conformation but the solvent molecules compete with the anion for the vacant coordination site, 
resulting in the formation of either solvent separated ion pairs or in complexes in which the 
solvent is coordinated to the complexed potassium ion, giving rise to complexes with slightly 
different structures in solution. 
The present study therefore clearly illustrates that in podand metal ion complexes with vacant 
coordination sites, the anion and solvent have a significant influence on the podand-cation 
interactions and therefore on the overall structure of the complex in solution and the solid state. 
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SECTION B: COORDINATION CHEMISTRY OF N20 2S2 
In the previous section, it was shown that N20 4 readily forms stable 1:1 crystalline complexes with 
potassium salts. Although Vogtle and Weber reported the isolation of crystalline adducts from 
the complexation reactions of 1, 11-bis( quinolyloxy)-3,6,9-trioxaundecane (N20 5) with AgN03 
and Co(SCN)z, the stoicheiometry of these complexes could not be unambiguously established and 
the structures of these complexes are not known [17]. In the present study, however, it was found 
that a cobalt(II) complex of N20 4 could not be isolated. Instead, the complexation reaction 
between cobalt(II) and N20 4 yields the crystalline diprotonated salt of the podand (see Chapter 4). 
In the case of copper(II), a bright green crystalline copper complex of N20 4 was isolated (see 
Experimental section). The elemental analysis of this complex was indicative of a 2:1 ligand to 
metal complex. The compound was submitted for fast-atomic bombardment (FAB) mass spectral 
analysis but unfortunately the results were not available at the time of submitting this thesis. 
Hence, given the present data, the nature of this complex remains uncertain. 
In complete contrast, the oligothioether quinoline podand, N20 2S2, shows a strong preference 
towards transition metal cations and well-defined cobalt(II) and copper(II) crystalline complexes 
of N20 2S2 are readily obtainable, whereas a potassium complex of N20 2S2 could not be isolated. 
The complexing behaviour of N20 2S2 towards cobalt(II), copper(II) and copper(!) and the 
characterization of the resultant complexes will be discussed in more detail below. 
SB.1 Cobalt(II) and Copper(II) complexation with N20 2S2 
N20 2S2 reacts readily with hydrated Co
2 + and Cu2 + cations in acetone/chloroform ( 4+ 10, v/v) 
mixtures to yield stable 1:1 red and green crystalline complexes, respectively. The analytical data 
and properties of these complexes are given in Table 5B.1 and the preparative details and infrared 
spectral data are to be found in the experimental section of this Chapter. 
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TABLE SB.1: Analytical data and physical properties fqr the Cobalt(II), Copper(II) and Copper(!) 
Complex Yield MPt Analytical data 
(%) (0) (%C;H;N) 
[Cu(N20 2S2)](Cl04)i.3H20 51 177-178 Ca/c:38.3; 4.0; 3.7 
Found:38.2; 4.1; 3.65 
[Co(N20 2S2)](Cl04)i.3H20 60 195-196 Calc:38.5; 4.0; 3.7 
Found:40.3; 4.0; 3.6 
[Co(N20 2S2)](BF4)i.3H20 60 >230 Calc:39.9; 4.2 ; 3.9 
Found:40.1; 4.15; 3.8 
[Cu(N20 2S2)]PF6.H20 55 87-89 Calc:43.5; 3.95; 4.2 
Found:43.5; 4.0; 4.0 
The cobalt(II) and copper(II) complexes have very similar IR spectra, indicating that the structures 
of these complexes are similar. In the cobalt(II) complexes the only significant differences are 
concerned with the BF 4 and CI0·4 vibrations. The presence of lattice water molecules is indicated 
by the strong IR absorption bands in the 3500 cm·1 region. 
In view of the chemical and biological interest in metal-sulfur chemistry the number of 
investigations of metal-sulfur interactions, structural and mechanistic, have increased dramatically 
over the past 20 years (37-39]. In most of these studies the ligands have either been bi-, tri- or 
tetradendate and very few studies with hexadentate sulfur-containing compounds have been 
reported, for example, [3,3' -ethylenedithiobis( a-phenyleneiminomethylidyne )bis-
(pentane-2,4-dionato )](2-), [02N2Si]2- (Cu
2+, Ni2 +) (40], l,12-bis(3,5-dimethyl-
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pyrazol-1-yl)-2,11-diaza-5,8-dithiadodecane, [N4S2] (Co
2 +, Ni2+) [41] and l ,8-bis(salicyl-
ideneamino)-3,6-dithiaoctane, [02N2S2]2- (Co(z+ ,3+)) [42]. 
Cobalt(II) is generally thought to form only weak bonds to thioether sulfur [37]. This is clearly 
demonstrated in the case of l ,8-bis(salicylideneamino)-3,6-dithiaoctane where it was found that 
only under anaerobic conditions was it possible to isolate an orange-red cobalt(II) complex, which 
is readily oxidized in air or by mild oxidizing agents to a dark green cobaltic compound [42]. On 
the other hand, with the bis(quinoline) podand, N20 2S2, which has a similar donor atom set, the 
cobalt(II) complexes, [Co(N20 2S2)](Cl04)z.3H20 and [Co(N20 2S2)](BF4)z.3H20 , were found to 
be extremely stable. The enhanced stability of these complexes could be ascribed to the presence 
of the heteroaromatic quinoline moieties, as it has been suggested that the ,r-delocalization arising 
from an aromatic ring significantly enhances the stability of complexes with S(R)N chelates [43]. 
In order to elucidate the detailed nature of the podand coordination, attempts were made to 
isolate suitable crystals for X-ray diffraction analysis. In the case of the 
[Cu(N20 2S2)](Cl04)z.3H20 complex, green octahedralcrystals were obtained upon recrystallization 
from an acetone/chloroform mixture and these were submitted for X-ray structural analysis. 
Unfortunately, the crystals obtained for the cobalt(II) complexes were needle-like and generally 
twinned and therefore not suitable for X-ray crystallographic studies. 
Because of the biochemical importance of copper-sulfur interactions there has been a great deal 
of interest in the thioether coordination · chemistry of copper. A review of the literature shows 
that n erous crystal structures of copper(II) complexes with a variety of sulfur-containing ligands 
have been reported [44]. The structural formulae of some of these ligands are given in Figure 
5B. l. For comparative purposes the bond distances observed for the structures of the copper(II) 
complexes with the ligands indicated in Figure 5B.1 are summarized in Table 5B.2. 
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The structure of [Cu(N20 2S2)](Cl04)i.3H20 was determined by Professor Mino R. Caira 
(Department of X-ray Crystallography, UCT). The structure was solved by Patterson and 
difference Fourier methods and refined by full-matrix least-squares (SHELX 76) [24]. The crystal 
data, experimental and refinement parameters are summarized in Table SB.3. The fractional 
atomic coordinates for all non-hydrogen atoms are listed in Table SB.4. 
Description of the Molecular Structure 
The structure consists of discrete [Cu(N20 2S2)]
2 + cations which are separated by (structurally 
disordered) perchlorate anions and lattice water molecules (three H20 molecules per cation). The 
[Cu(N20 2S2)]2+ cations possess crystallographically imposed C2 symmetry. The asymmetric unit 
of the complex cation, [Cu(N20 2S2)]
2 +, comprises one half of the molecule, the metal atom being 
situated on a two-fold axis. The molecular structure of the cation with the atom-labelling scheme 
is shown in Figure SB.2. Relevant interatomic bond lengths, bond angles and torsion angles are 
listed in Table SB.5. 
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TABLE SB.3 Summary of the crystal data, experimental and final refinement parameters for 
Crystal data 
Molecular formula 












Crystal dimensions (mm) 
Scan mode 
Scan width (0 ) 
Aperture width (mm) 
0 Range scanned (0 ) 
Range of h,k,l 
Intensity decay (%) 
Empirical absorption 
correction, max/min 
Number of unique 
reflections collected 
Number of observed 
reflections, N, 





density/e A-3 (max/min) 
Number of parameters, Np 
R = }; I I po I - I Fe I I /I I Fo I 
Rw = lw~ J J Po J - I Fe J J /Iw~ J Po J 
Weighting scheme, w 












0.31 X 0.31 X 0.22 
w - 20 scan 
(0.90 + 0.35tan0) 
(1.12 + 1.05tan0) 
1 - 25 










1/[a2(F0 ) + 4.39x104 (F0 )2] 
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TABLE SB.4 Fractional Atomic Coordinates (x104) of the non-hydrogen atoms with estimated 
standard deviations in parentheses for [Cu(N20 2S2)](C104)i.3H20. 
Atom x/a y/b z/c 
Cu 1250 3159(1) 1250 
s 2002(1) 3969(1) 1039(1) 
C(l) 1551(5) 4682(4) 1129(5) 
C(2) 2573(4) 3910(4) 1521(3) 
C(3) 2289(4) 3704( 4) 2000(2) 
0(1) 1881(2) 3166(2) 1906(1) 
C(4) 1598(3) 2824(3) 2263(2) 
C(5) 1804( 4) 2817(4) 2717(3) 
C(6) 1501(5) 2425(5) 3047(3) 
C(7) 1004(5) 2036(4) 2919(3) 
C(8) 766(4) 2023(3) 2445(3) 
C(9) 1059(3) 2445(3) 2118(2) 
N(l) 828(3) 2497(2) 1664(2) 
C(lO) 335(4) 2131(3) 1533(3) 
C(ll) 42(4) 1687(3) 1843(3) 
C(12) 250(4) 1635(3) 2285(3) 
0(6) 29(7) 6250 1250 
0(7) 705(6) 6500(6) 1947( 4) 
Cl 3722(1) 219(1) 456(1) 
0(2A)
0 
4332(8) 64(8) 279(6) 
0(3A) 3249(11) 354(12) 137(8) 
0(4A) 3775(8) 740(7) 808(6) 
0(5A) 3535(7) -272(9) 756(6) 
0(2B)
0 
3735(16) -428(13) 264(12) 
0(3B) 4349(18) 408(19) 523(14) 
0(4B) 3588(17) 683(20) 104(16) 
0(5B) 3326(17) 215(15) 778(10) 
*: A and B refer to alternative orientations of Cl04• 
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C6 
Figure SB.2 Perspective view of the molecular structure of [Cu(N20 2S2)]
2 + showing the atom 
numbering scheme for all non-hydrogen atoms. The dashed line indicates the two-fold rotation 
axis passing through the metal ion and the midpoint of the C(l)-C(lB) bond. (The H atoms are 
omitted for clarity). 
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TABLE 5B.5 Relevant bond lengths (A), bond angles (0 ) and torsion angles (0 ) with estimated 
standard deviations in parentheses for [Cu(N20 2S2)](Cl04)i.3H20. 
Bond lengths Bond angles 
Cu-S(l) 2.357(2) N(l)-Cu-0(1) 76.5(2) 
Cu-N(l) 2.005(5) 0(1)-Cu-S(l) 80.5(1) 
Cu-0(1) 2.257(3) S(l)-Cu-N(l) 157.0(2) 
C(lB)-C(l) 1.402(9) S(l )-Cu-S(lB) 98.1(2) 
C(l)-S(l) 1.767(9) C(l)-S(l)-C(2) 106.5(5) 
S(l)-C(2) 1.796(9) Cu-S(l )-C(2) 100.2(3) 
C(2)-C(3) 1.535(11) Cu-S(l)-C(l) 103.4(4) 
C(3)-0(1) 1.421(9) C(3)-0(1)-C( 4) 121.4(4) 
0(1)-C(4) 1.365(7) Cu-0(1)-C(3) 119.4(3) 
C(4)-C(9) 1.412(9) Cu-0(1)-C(4) 111.5(3) 
C(9)-N(l) 1.373(8) C(9)-N(l)-C(10) 118.6(6) 
C(lO)-N(l) 1.314(9) Cu-N(l)-C(9) 117.1(4) 
Cu-N(l)-C(lO) 124.2(5) 
Torsion angles 
C(2)-C(3)-0(1 )-C( 4) 174(1) 
S(l)-C(2)-C(3)-0(1) 47(1) 
C(l)-S(l)-C(2)-C(3) 76(1) 
C(2)-S(l )-C(l )-C(lB) -93(1) 
S(l )-C(l )-C(lB)-S(lB) -17(1) 
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In the [Cu(N20 2S2)]
2 + cation, the Cu2+ ion is bonded to all six heteroatoms of the podand, which 
is wrapped around the central ion in such a way that the nitrogen and sulfur atoms are in cis 
positions to each other around the equatorial plane, whilst the oxygen atoms occupy trans 
positions to each other. The complex cation can therefore exist as two enantiomers (see Figure 












As may be seen from Figure 5B.2, the [Cu(N20 2S2)]
2 + cation possesses Cz symmetry with the two-
. 
fold rotation axis passing through the metal and the midpoint of the C(l)-C(lB) bond. The 
coordinate bonds from equivalent S, 0 and N atoms in the two halves of the podand therefore 
have identical lengths: Cu-S(l) 2.357(2) A, Cu-N(l) 2.005(5) A and Cu-0(1) 2.257(3) A. 
The observed Cu-S(l) bond distance is slightly longer than the sum of the covalent radii, 2.34 A 
[14], and is well within the range (2.30 - 2.45 A) reported for equatorial Cu-S bond distances (see 
Table 5B.2). The observed Cu-N(l) bond distance is shorter than the sum of the covalent radii, 
2.05 A [14] and is comparable to the Cu-N bond distances observed for the copper(II) complexes 
listed in Table 5B.2. The observed Cu-0(1) bond distance is 0.23 A longer than the sum of the 
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covalent radii, 2.03 A [14]. Therefore, in [Cu(N20 2S2)]2 +, the copper assumes an axially elongated 
octahedral geometry. This distortion is not unusual for six-coordinate copper(II) complexes and 
reflects the usually observed Jahn-Teller effect [39]. In the present structure, substantial Jahn-
Teller distortion is precluded by the multidentate nature of the podand. The Cu-0(1) bond 
distance here is considerably shorter than those reported for copper(II) complexes with 
perchlorate anions in which the Cu-0 bond distances are within the range 2.50 - 2.85 A, as 
indicated in Table 5B.2. However the Cu-0(1) bond distance for [Cu(N20 2S2)]
2 + compares 
favourably with the axial Cu-0 distances observed with oxygen donor ligands such as H20, for 
example, 2.296(7) A in Cu(Et2-2,3,2-S4)C104.H20 (12), as well as the Cu-O(ether) distance, 
2.29(1) A, in the copper(II) complex of 1-oxa-4,3-dithia-7,10-diazacyclopentadecane (14). 
In the present case, owing to the limited 'bite' of the 5-membered rings, the N(l)-Cu-0(1) 
(76.5(2)0 ), 0(1)-Cu-S(l) (80.5(1)0 ), S(l)-Cu-S(lB) (98.1(2)0 ) and S(l)-Cu-N(l) (157.0(2)0 ) 
bond angles deviate from regular octahedral coordination. The conformations about the ethylene 
fragments, 0(1)-C(3)-C(2)-S(1) and S(l)-C(l)-C(lB)-S(lB), are gauche and eclipsed, 
respectively (Table 5B.5). The torsion angle of 174(1)0 for the C(2)-C(3)-0(1)-C( 4) fragment 
reflects trans conformation and for C(l)-S(l)-C(2)-C(3) and C(2)-S(l)-C(l)-C(1B) the 
torsion angles 76(1)0 and -93(1)0 , respectively, indicate a gauche conformation. These results are 
in accordance with the conformational preferences observed for C-0 and C-S bonds [60]. All 
the intefatomic bond distances and bond angles within the ligand are unexceptional and will 
therefore not be discussed further here. 
The structure of [Cu(N20 2S2)]
2 + clearly demonstrates that N20 2S2 can wrap around a copper(II) 
ion to afford pseudo-octahedral coordination and at the same time adopt a relatively strain-free 
conformation. The distortions from regular octahedral coordination observed for the 
copper(II)-N20 2S2 complex can be attributed to the electronic properties of the copper(II) ion 
and the steric constraints imposed by the podand. 
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SB.2 Electronic spectral studies of the Cobalt(II) and Copper(II) complexes of N20 2S2 
The electronic spectral data for the cobalt(II) and copper(II) complexes of N20 2S2 are given in 
Table 5B.6. 
Copper(Il) complex: The electronic spectra of the [Cu(N20 2S2)](C104)z.3H20 complex, obtained 
in acetonitrile and acetone solutions, are characterized by three absorption regions: ( a) a single 
band in the visible region at about 750 nm, (b) two bands of moderate to strong intensity occurring 
in the 360 - 300 nm region, and ( c) an intense absorption band at about 240 nm, which is not 
observed for the complex in a solution of acetone because of the absorption of the solvent in this 
region. 
The absorption band at about 750 nm occurs in the expected d-d transition region for six-
coordinate copper(II) and is assigned accordingly [61,62]. The intense absorptions in the ultra-
violet region are due to ligand to metal charge-transfer (LMCT) transitions. The absorption band 
centered at 240 nm is thought to arise from an N(a)-~2.y2(Cu(II)) LMCT transition and ,r-,r· 
transitions within the quinoline rings [62-65], while the band at about 325 nm can be assigned to 
a S(a)-~2.yi(Cu(II)) LMCT transition [62-65]. 
The generally observed spectrochemical ordering of ligands NH3 > R2S > H20 , indicates that R2S 
is intermediate between NH3 (a bonding only) and H20 (a bonding plus reduced ligand field 
attributable to one filled ir orbital) [66]. Therefore the LMCT bands arising from the promotion 
of the electron pairs of the oxygen to the partially filled ~2.y2 level of Cu(II) would be expected 
~o be at lower energies relative to the N(a)-~2.yi(Cu(II)) and S(a)-~2.yi(Cu(II)) LMCT bands. 
Hence, the moderately intense shoulder at about 375 nm could be attributed to an 
O(a)-dx,.yi(Cu(II)) LMCT transition. Moreover, the intensity of LMCT transitions is related to 
the degree of overlap between the appropriate ligand and metal orbitals. The O(a)-Cu(II) 
LMCT transition for the [Cu(N20 2S2)]2+ cation would therefore be expected to have a weaker 
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intensity than the N(CT)-~2.yi(Cu(II)) and S(CT)-~2.yi(Cu(II)) LMCT bands. This is indeed 
observed and lends further support to the proposal that the shoulder at 325 nm is an 
O(CT)-~2.yi(Cu(II)) LMCT transition. 
The interesting feature of the electronic spectra of the copper(II) complex of N20 2S2 is that the 
d-d absorption band at 747 nm has a higher intensity than that observed for Cu(NxOy) 
chromophores ( E < 300 M·1 cm·1) (62,63,65]. The relatively high molar extinction coefficient for 
the d-d band of the copper(Il)-N20 2S2 complex is a characteristic feature observed for 
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copper(II)-sulfur complexes [62-65,67,68]; the copper(II) complexes of macrocyclic polythioethers 
exhibiting an intense band in the 600 nm region ( E =· 800 - 2000 M·1 cm·1) [68]. The origin of 
this enhancement has evoked considerable discussion especially as it is one of the unique spectral 
features of the blue copper proteins, which have an extremely intense band in this region ( E = 
3000 - 5000 M"1 cm·1) [69]. This extremely intense band observed for the blue copper proteins 
is now unequivocally assigned to a charge-transfer (S(cr)-Cu(II)) transition [62]. On the other 
hand, for the low molecular copper(II) thioether complexes, the reasons for the relatively intense 
band in the ligand field region are not fully understood and as a result this band has been variously 
assigned [62-65,67,68]. Nevertheless, Lever concludes that this band may be attributed to a d-d 
transition of enhanced intensity due to the close proximity of the strong (S( cr)-Cu(II)) LMCT band 
[62]. 
Cobalt(!!) complexes: The absorption spectra of the cobalt(II) complexes, 
[Co(N20 2S2)](Cl04)z.3H20 and [Co(N20 2S2)](BF4)z.3H20, are identical, indicating a negligible 
influence of the anion variation upon the metal coordination unit. The absorption spectra of the 
[Co(N20 2S2)]
2 + cations, obtained in acetone solutions, are dominated by the intense ligand to 
metal charge-transfer bands in the 300 - 380 nm region. Based upon the analysis of the electronic 
spectra of the copper(II) complex of N20 2S2 and previously reported studies on cobalt(II) 
complexes [41], the intense band at 330 nm (E = 9000 M·1 cm-1) is assigned to a S(cr)-Co(II) 
LMCT transition, confirming the presence of a Co-S coordination bond. The shoulder between 
340 - 360 nm is tentatively assigned to a O(cr)-Co(II) LMCT transition, by analogy with the 
copper(II) complex. 
For high-spin cobalt(II) complexes three spin-allowed transitions are anticipated in the ligand field 
spectrum: u1 = 4T2g(F) +- 4T1g(F), which usually occurs above 900 nm, u2 = 4A2g(F) +- 5T1g(F) and 
u3 = 4T1g(P) +- 4T1g(F). Since the transition, 4A2g(F) +- 5T1g(F), is essentially a 2-electron 
transition from t5 2ge2 g to t\ge\ it is expected to be weak [70]. The ligand field spectrum of 
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[Co(N20 2S2)]
2 + in the 500 - 400 run region consists of two very weak, poorly resolved u2 and 
u3 d-d bands at 530 ( E 240 M-
1 cm-1) and 430 run ( E = 100 M-1 cm-1), respectively. Owing to 
the limitations in the wavelength range of the UV-vis spectrophotometer used, the longest-
wavelength d-d band u1 was not observed as a result of its low energy, which places it well above 
900 run. 
The electronic spectrum of the cobalt(II) complex of N20 2S2 is therefore characteristic of a six-
coordinate octahedral complex. This result is consistent with the similar IR spectral features 
observed for the cobalt(II) and copper(II) complexes. 
SB.3 Copper(II) - Copper(I) N20 2S2 system 
The copper(II) complex of N20 2S2 is readily reduced to the corresponding copper(!) complex by 
ascorbic acid. This is evidenced by the immediate colour change of the Cu(II) solution from green 
to yellow and the disappearance of the d-d absorption band in the electronic spectrum, upon 
addition of excess ascorbic acid. Moreover, a copper(!) complex of N20 2S2 can be conveniently 
prepared by the reaction of N20 2S2 in dichloromethane and Cu(CH3CN)4PF6 in acetonitrile under 
nitrogen (see Table 5B.1 and the Experimental section for details). The yellow 1:1 copper(!) 
complex obtained is air stable in the dry state. In acetone and chloroform solutions, however, the 
-
copper(!) is very slowly reoxidized to copper(II). 
SB3.1 Electronic spectral properties of [Cu(N20 2S2)]PF6 
The electronic spectrum of the copper(!) complex in acetone consists of a band in the ultra-violet 
region at 330 run ( E 4800 M-1 cm-1) , and is identical to that observed for the reduced solution, 
confirming that the copper(II) is reduced to copper(!) in the presence of ascorbic acid. The 
position of the absorption maxima were found to be solvent dependent as revealed by the spectra 
obtained in acetonitrile (A.1 = 300, 12 = 237 nm), chloroform (11 = 315, 12 = 246 nm) and 
dimethyl sulfoxide (11 = 308, 12 = 258 nm). Although charge-transfer bands are known to show 
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some solvent dependence [62], the different absorption maxima observed for the Cu(I) complex 
in the various solvents might also be indicative of solvent coordination in the complex. However, 
since the LMCT absorption bands do not give any information about the underlying 
stereochemistry or coordination number of the complex in solution, the solvent dependence of the 
electronic spectrum of the copper(!) complex cannot readily be explained. 
SB.3.2 Proton NMR spectroscopic studies of [Cu(N20 2S2)]PF6 
As a result of the d10 electron configuration of Cu(I) it is possible to gain further insight into the 
structure of the copper(!) complex in solution, by means of 1H NMR spectroscopy. The 1H NMR 
solutions. The chemical shift data are given in Table 5B.7. According to the 1H NMR resurts the 
podand is symmetrically coordinated to the Cu(I) ion, at least on the NMR time-scale, as only one 
set of resonances for magnetically equivalent protons in the molecule are observed. 
TABLE SB.7 Proton chemical shift data (ppm) for [Cu(N20 2S2)]PF6 in various solvents at 298K 
Solvent H2 H4 H3 Hs6 H1 HAA' HBB' Hee , 
CDC13 8.78 8.23 7.46 7.58-7.55 7.41 4.47 3.18 3.00 
(0.16) (-0.12) (-0.35) (-0.08) (-0.01) (--0.01) 
DMS0-d6 8.82 8.50 7.73 7.50 7.37 4.47 3.20 3.08 
(0.03) (-0.23) (-0.20) (-0.14) (-0.12) (--0.06) 
CD3COCD3 8.96 8.53 7.79 - 7.61 7.59 4.64 3.33 3.17 
CD3CN 8.83 8.33 7.48 7.58-7.55 7.32 4.38 3.10 3.04 
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The 1H NMR spectrum of the complex in DMS0-d6 solution differed from those recorded in the 
other solvents, in that the resonance peak of the Hz proton was exceptionally broad and thus 
poorly resolved (Figure SB.4). The reasons for the broadening of the Hz resonance peak are not 
fully understood, although it might be due to rapid conformational rearrangement of the molecule 
in DMSO solution. 
In the 1H NMR spectra of the copper(!) complex in CDC13 and DMS0-d6, an upfield shift is 
observed for the Hz proton resonance, whereas all the other proton resonances are shifted 
downfield relative to the corresponding proton resonances of the uncomplexed podand in these 
solvents. As may be seen in Table 5B.7, the magnitude of the induced shifts (given in 
parentheses) differ in the two solvents, indicating that the 1H NMR spectrum of the complex is 
solvent dependent. This could therefore be considered further evidence of possible solvent 
coordination in the complex. The chemical shift values for the complex also vary significantly in 
CD3COCD3 and CD3CN. Unfortunately, owing to the poor solubility of the ligand, NzOzSz, in 
acetonitrile and acetone, the 1H NMR spectra of the uncomplexed podand in these solvents were 
not recorded and the magnitude of the induced shifts in these solvents could therefore not be 
established. 
Although the 1H NMR data has shown that the molecule is symmetrically coordinated to the Cu(I) 
cation in solution, it is not possible to deduce any further structural details of the complex using 
this method. In general, it has been found that in copper(!) complexes the Cu(I) cation is 
predominantly four coordinate tetrahedral (39,70]. Scale (Dreiding) molecular models show that 
ir the copper(!) is coordinated to the two nitrogen and two sulfur atoms, the podand can adopt 
a tetrahedral arrangement around the Cu(I) ion, without engendering severe strain in the 
molecular framework. In this conformation, the quinoline moieties were found to be 
perpendicular to each other, which is consistent with the upfield shift observed for the Hz proton 





Figure SB.4 Proton NMR spectra of the Copper(!) complex of N20 2S2, [Cu(N20 2S2)]PF6, in 
CD3C0CD3 and DMS0-d6. T = 25°C. 
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There is, however, strong evidence based on the electro_nic and NMR spectral data that in strongly 
donating solvents a molecule of solvent may be coordinated to the complexed copper(!), implying 
that the Cu(I) ion may be five coordinate in solution. Although Cu(I) prefers four coordinate 
geometry, five coordinate copper(!) complexes are known [61,73]. However, in the absence of 
a definitive X-ray diffraction analysis, the proposed structure of the complex remains speculative. 
SB.3.3 Electron-transfer self-exchange kinetic studies 
The prevalence of the Cu(II)/Cu(I) redox couple in enzymes involved in biological oxidation-
reduction processes [61,74] has stimulated a high level of interest in the mechanistic details 
associated with electron transfer at the copper center [71-80]. Specific attention has been focused 
on the kinetics of the blue electron carriers (azurin, plastocyanin, rusticyanin and stellacyanin), 
which contain a single copper atom and appear to exhibit relatively large self-exchange rate 
constants (equation 5.1) of the order kex = 104 - 106 M"1 s·1 [74]. 
kex 
·cuu + Cu1 -+. Cu1 + Cun (5.1) 
Crystal structures of oxidized azurin and plastocyanin have revealed that the copper in these 
proteins is constrained by the protein matrix to adopt a distorted tetrahedral coordination 
geometry, which is presumed to undergo little change upon reduction of the copper center [70,79]. 
In conjunction with the hydrophobic environment of the copper (which minimizes or eliminates 
the solvent reorganizational contribution), this relatively rigid geometry should result in a small 
Franck-Condon barrier for the above reaction ( equation 5.1 ), thereby accounting for the large self-
exchange electron-transfer rate constants observed for this class of metalloproteins [75,76]. 
In order to gain a better understanding of the electron-transfer mechanism in these proteins, 
electron-transfer kinetic studies have been carried out with low molecular weight copper 
complexes [72,73,75-79]. For Cu(II)/(1) systems in low molecular weight complexes, larger 
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rearrangements of the inner-coordination sphere are generally anticipated, since Cu(II) tends to 
prefer distorted octahedral (tetragonal) or square pyramidal geometries whereas Cu(I) shows a 
strong preference for a tetrahedral environment. Such geometrical changes are therefore expected 
to result in an appreciable activation energy barrier to electron transfer. 
Of the limited number of electron-transfer studies which have previously been carried out on low 
molecular weight copper complexes, most have involved either tetra- or pentadentate ligands, 
containing either unsaturated nitrogen donor atoms [73, 79], a combination of unsaturated nitrogen 
and sulfur donors [77,78] or macrocyclic and acyclic polythioethers [75,76]. The self-exchange rate 
constants observed for these low molecular weight copper complexes range from 10 to 10-5 M-1 s-1 
[73,75-79]. It was therefore of interest to compare the rate of electron transfer of the 
[Cu(N20 2S2)t+ (n = 1,2) system, which consists of a hexadentate ligand. 
Recent electron-transfer kinetic studies on low molecular weight copper complexes have shown 
that the self-exchange rate constant, kex• can be determined directly using NMR line-broadening 
techniques [73,76,77,79]. Hence, this method was used to examine the electron-transfer self-
exchange reaction of the [Cu(N20 2S2)t+ (n = 1,2) system. 
The self-exchange rate constant kex is determined experimentally by adding small volumes of a 
solution containing the Cu(II) complex to a solution containing the Cu(I) species and measuring 
the line broadening ( 11 u!-i) after each addition in order to determine 1/T2• The self-exchange rate 
constant is related to 1/T2 according to 
(5.2) 
which is found to be valid in the slow-exchange regime and for dilute solutions of the 
paramagnetic species (fraction, /p, of paramagnetic species: /p < 0.1) [73, 77, 79]. In this equation 
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(5.2), 1/T20 represents the natural transverse relaxation time and 1/Te represents the exchange 
contribution to the relaxation time. 
Upon addition of [Cun(N20 2S2)]
2+ (JP = 0.02 - 0.15) to the copper(!) complex in CD3CN or 
CD3COCD3, the line-widths of the proton resonances of the Cu(I) species hardly changed 
( <0.5 Hz), indicating that the self-exchange rate for the [Cu(N20 2S2)]
0 + (n = 1,2) electron 
transfer reaction is extremely slow. 
These results could be explained by the fact that the Cu(II) ion in the complex is completely 
enclosed by the podand in a stable pseudo-octahedral configuration, thereby reducing access to 
the Cu center and prohibiting electron cransfer. The complete enclosure of the Cu(II) ion will 
also presumably exclude the possibility of an inner-sphere mechanism for the electron transfer, 
where the complexes form an intermediate in which at least one ligand is shared [39]. In the case 
of an outer-sphere electron-transfer mechanism [73,75,81-84], the transition state involves overlap 
between the orbitals on the ligands, and the two reactants (Cu(II) and Cu(I)) are thought to 
diffuse to a point of surface-surface contact with no interactions other than Coulombic forces 
being of significance. Since the movement of electrons is more rapid than the movement of atoms 
(Franck-Condon Principle), it is presumed that the atoms must rearrange to the configuration of 
the tran~ition state prior to the electron-transfer step in order for net transfer to occur [75,81-84]. 
For a metal complex in a polar solvent, this configuration change involves changes in the metal-
ligand and intraligand bond lengths and angles (inner-sphere reorganizational energies) as well as 
changes in the vibrations and orientations of the surrounding solvent dipoles ( outer-sphere 
reorganizational energies) [81-84]. 
The coupling of the electron transfer to these nuclear configuration changes is governed by energy 
and momentum conservation requirements as expressed in the Franck-Condon Principle. 
According to this principle, internuclear distances and nuclear velocities do not change during an 
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electronic transition, in other words, the electron transfer occurs at essentially constant nuclear 
configuration and momentum. This requirement is central to classical as well as quantum 
mechanical electron-transfer theories. In the classical theories, use is made of an activated-
complex formalism in which the electron transfer occurs at the intersection of two potential energy 
surfaces, one for the reactants and the other for the products. The Franck-Condon Principle is 
obeyed since the nuclear configurations and products are the same at the intersection. In the 
quantum mechanical theories the intersection of the potential energy surfaces is de-emphasized, 
nuclear tunnelling from the initial to the final state is allowed for and the electron transfer is 
treated as a radiationless transition between the reactant and product states (81-83]. 
Within the classical theoretical framework, the free energy of activation ..1Gi for electron 
exchange reactions can be expressed in a simplified equation as the sum of four contributions (39]. 
(5.3) 
In the above equation (5.3), the first term, standard in absolute reaction rate theory, takes account 
of the loss of motional energy in forming the transition complex. The term ..1Gi
3 
is the free 
energy change caused by increased repulsion between the reactants of like charge at the distance 
of conta_ct in the transition complex. The free energy of the rearrangement of solvent layers 
outside the first coordination spheres of the reacting species ( outer-sphere reorganizational 
energies) is represented by aG\. Finally, aG*i represents the inner-sphere reorganizational 
energies, the free energy of internal rearrangement within the first coordination spheres of each 
of the reacting species. 
Although the copper ion in low molecular weight complexes with tetra- or pentadentate ligands 
is in general easily accessible, the observed electron-transfer self-exchange rate constants, kex, are 
much lower than those observed for the blue copper proteins, where the copper ion is buried 
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within the hydrophobic shell of the protein. According to Canters et al. [77], the difference 
between the kex values for the low molecular weight copper complexes and the blue copper 
proteins may be explained in terms of the four contributions to the free energy of activation Ile? 
for the electron exchange reaction. For the low molecular weight copper complexes the energy 
required to bring the two reactants together, the increased repulsion between the reactants of like 
charge and the relatively high reorganizational energies result in a decrease in the rate of electron 
transfer in these complexes. On the other hand, for the blue copper proteins, it has been argued 
that the redox partners associate along the so-called hydrophobic patch on their protein surface, 
which provides for a large favourable entropy term in the energy required to bring the two 
reactants together. In addition, the reorganizational energies are significantly reduced in the 
proteins. These factors favour electron transfer and lead to enhanced self-exchange rate constants 
in the blue copper proteins. 
In the present case, the structural and stereochemical changes for the two reactants, 
[Cu(N20 2S2)_]
2 + and [Cu(N20 2S2)] + , might result in an appreciable activation energy barrier to 
electron transfer. The other contributions to the free energy activation llG* of the electron 
exchange reaction will also, as in the case of the other low molecular weight copper complexes, 
result in a decrease ~ the self-exchange rate constant. However, as mentioned earlier, in the 
[Cu(N20 2S2)t+ (n = 1,2) system the Cu(II) ion is completely enclosed by the podand in a stable 
pseudo-octahedral configuration and therefore, unlike in the low molecular weight copper 
complexes with tetra- or pentadentate ligands, the copper(II) ion is not easily accessible. This will 
presumably lead to a further reduction in the self-exchange rate constant of the [Cu(N20 2S2)]n+ 
(n = 1,2) system. Since relatively high self-exchange rate constants have been observed for low 
molecular weight copper complexes with tetra- and pentadentate ligands whereas for the 
[Cu(N20 2S2)]n + (n = 1,2) system it is extremely slow, it may be concluded that ready access to 
the copper center in these complexes is also an important factor contributing to the increase in 
the rate of electron self-exchange for these systems. 
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5.2 Conclusion 
The foregoing results clearly demonstrate that by altering the donor atom set of the quinoline 
terminated podands from NOOOON to NOSSON, a profoundly different coordination chemistry 
obtains. Moreover, the structures of the resultant complexes differ markedly as shown by the 
potassium complexes of N20 4 and the copper(II) complex of N20 2S2• 
In the potassium-N20 4 complexes, electrostatic considerations and the length of the oligoether 
chain determine to a large extent the structure of the complexes. The podand N20 4 wraps around 
the 'spherical' potassium ion in a helical conformation thereby optimizing the podand-cation 
interactions as well as cation-anion interactions. 
On the other hand, for N20 2S2, which has a much stronger affinity to complex transition metal 
cations, the rigid stereochemical demands of the transition metal ion dictate the geometry of the 
complex. The structure of the copper(II)-N20 2S2 complex proves that the oligothioether podand, 
N20 2S2, can wrap around the copper(II) ion to afford an elongated distorted octahedral 
coordination as demanded by the Cu2+ ion, which undergoes slight Jahn-Teller distortion. 
Moreover, the podand can readily adopt a pseudo-octahedral geometry without engendering 
severe strain within the molecular framework of the molecule. The ability of N20 2S2 to adopt a 
pseudo-Qctahedral arrangement is undoubtedly facilitated by the strong preference for gauche 
conformation at the C-S bonds. 
In the case of N20 4, however, an octahedral arrangement of the donor atoms would result in two 
C-0 bonds having to assume gauche conformation. Since C-0 bonds generally adopt trans 
conformation, an octahedral coordination would not be energetically favourable. Therefore, apart 
from oxygen ether donor atoms having a much stronger affinity to bind class (a) type metal ions, 
the conformational preferences of the C-0 bonds may also explain why N20 4 does not readily 
form complexes with transition metal cations. 
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The present study therefore demonstrates how profoundly the nature of the donor atoms as well 
as the conformational preferences of the podand influences the coordination chemistry of these 
compounds. 
Many cations however remain to be studied and this may reveal further differences in the 
complexing behaviour of these podands. Furthermore, since thioether sulfur donor atoms not only 
bind transition metal cations more strongly, but also are known to have the ability to confer 
unusual electronic and redox behaviour on the metal center, electrochemical studies on these and 
other complexes may prove to be most illuminating. 
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5.3 Experimental 
Preparation of a Potassium Tosylate complex of N2o4 
The [(N20 4).KTosylate] complex is one of the reaction products formed during the preparation 
of N20 4, which is described in Chapter 2. Prior to the purification of the ligand by column 
chromatography, a chloroform solution containing the ligand and the other reaction products, 
including the potassium tosylate complex, was allowed to stand for several days whereupon the 
complex crystallized out as pale pink-brown bulky crystals. The analytically pure crystalline 
complex was collected by filtration, was~1ed with chloroform and dried over silica gel in vacuo. 
The crystals were suitable for X-ray diffraction analysis without further recrystallization. MPt 158-
1600C. Analytical data calculated for C31H31N20~K: C, 60.0; H, 5.1 ; N, 4.6%. Found: C, 60.65, 
H, 5.15, N, 4.65%. IR (nujol mull, KBr disk, cm·1): 1614(m), 1594(m), 1572(m), 1498(s), 1467(s), 
1432(s), 1426(m), 1315(s), 1281(m), 1254(s), 1217(vs), 1198(vs), 1182(s), 1130(s), 1115(vs), 
1102(vs), 1087(vs), 1060(s), 1033(s), 1020(m), lOll(s), 950(s), 818(s), 789(m), 760(s), 750(m), 
679(s). 
Preparation of a Potassium Isothiocyanate complex of N20 4 
The [(N20 4).KNCS] complex was prepared by combining equimolar (0.5 mmol) amounts of 
potassium thiocyanate in methanol (0.5 cm3) and N20 4 in ethyl acetate (10 cm
3) and heating the 
mixture under mild reflux for 0.5h. On standing, the analytically pure 1:1 complex crystallized out 
as yellow platelets. The crystals were collected by filtration, washed with ethyl acetate and dried 
over silica gel in vacuo. The crystals were suitable for X-ray diffraction analysis without further 
recrystallization. Mpt 158-160°C. Analytical data calculated for CzsH24N30 4SK: C, 59.9; H, 4.8; 
N, 8.4%. Found: C, 59.8; H, 4.85; N, 8.4%. IR (nujol mull, KBr disk, cm·1): 2065(s, SCN"), 
1614(m), 1598(m), 1571(rn), 1501(s), 1463(s), 1448(s), 1427(m), 1318(vs), 1294(m), 1257(vs), 
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1207(m), 1182(m), 1135(m), 1117(vs), 1104(vs), 1087(vs), 1075(vs), 1047(m), 945(s), 823(s), 795(s), 
757(m), 744(s), 730(s), 624(s). 
Preparation of a Copper(Il) complex of N20 4 
A solution of Cu(Cl04)i.6H20 (67 mg, 0.22 mol, Alfa Chemical Co.) in 2 cm
3 acetone was added 
to solution of N20 4 (96.8 mg, 0.24 mmol) in 5 cm
3 chloroform. Slow evaporation of the solvent 
resulted in the formation of a bright green oil which was redissolved in acetone and treated with 
anhydrous diethyl ether. On standing, the complex crystallized as florets of green needle-like 
crystals. The crystals were collected by filtration, washed with anhydrous diethyl ether and dried 
under vacuum over silica gel. MPt 141-144°C. Analytical data calculate~ for 
[Cu(N20 4) 2](Cl04)i.2H20: C, 51.9; H, 4.7; N, 5.0%. Found: C, 51.55; H, 4.7; N, 5.0%. 
IR (nujol mull, KBr disk, cm·1): 3556(w,br), 3284(w,br), 1617(m), 1593(m), 1574(m), 1503(vs), 
1410(m), 1365(s), 1353(m), 1318(vs), 1290(m), 1267(vs), 1254(s), 1212(w), 1184(s), 1087(vs), 954(s) 
946(s), 935(s), 863(m), 824(vs), 802(m), 790(s), 785(s), 781(s), 747(s), 732(s), 621(vs), 577(w). The 
electronic spectrum of the complex in acetone solution shows bands at .l1 = 740 nm and .l2 = 
335 run. 
Preparation of Copper(II) and Cobalt(II) complexes of N20 2S2 
[Cu(N20 2S:z)](CIO.J2.3H20: A solution of Cu(Cl04)i.6H20 (50 mg, 0.14 mmol, Alfa Chemical 
Co.) in 2 cm3 acetone was added to a solution of N20 2S2 ( 47 mg, 0.11 mmol) in 10 cm
3 chloroform 
giving rise to a bright emerald green solution. On standing at room temperature ( <2hrs), the 
complex, [Cu(N20 2S2)](Cl04)i.3H20 , deposited as beautiful green octahedral crystals, which were 
collected by filtration, washed with chloroform and dried under vacuum over silica gel. Yield 
(38mg, 51 % ). Recrystallization from a chloroform/acetone mixture (1:1, v/v) afforded crystals 
suitable for X-ray diffraction analysis. IR (nujol mull, KBr disk, cm·1): 3582(br), 3349(br), 
1617(s), 1584(s), 1552(m), 1503(s), 1422(s), 1399(s), 1316(vs), 1262(s), 1240(m), 1226(m), 1210(m), 
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1179(s), 1084(vs), 1002(s), 972(s), 930(m), 828(s), 805(m), 786(m), 752(s), 735(s), 677(m), 623(s), 
577(m), 480(m), 434(m). 
Cobalt(II) complexes: The cobalt(II) tetrafluoroborate and perchlorate complexes of N20 2S2 were 
prepared employing the same procedure as that described above, using the corresponding salts, 
Co(Cl04) 2.6H20 and Co(BF4)i.6H20 (Aldrich). Recrystallization from acetone/chloroform 
mixtures (1:1, v/v) gave red needle-like crystals for both complexes. 
[Co(N20 2Si.)](BF4)i.3H20: (Yield 45mg, 60%). IR (nujol mull, KBr disk, cm-
1): 3611(br), 
3378(br), 1623(s), 1585(s), 1504(s), 1414(s), 1317(vs), 1260(s), 1213(m), 1175(s), llOl(vs), 1062(s), 
967(s), 830(s), 818(m), 783(m), 754(s), 737(s), 625(m), 524(m), 484(m). 
[Co(N20 2Si.)](CI04)z.3H20: (Yield 27mg, 60%). IR (nujol mull, KBr disk, cm-
1): 3588(br), 
3352(br), 1621(m), 1584(m), 1503(s), 1412(m), 1316(vs), 1258(s), 1233(m), 1212(m), 1174(m), 
1098(vs), 1005(s), 967(s), 928(m), 829(s), 817(m), 787(m), 753(s), 737(s), 623(s), 483(m) 
Preparation of a Copper(!) complex of N20 2S2 
Preparation of Cu(CH3C~)4PF6 [86]: To a magnetically stirred suspension of 4.0 g (28 mmol) 
copper(I} oxide in 80 cm3 of acetonitrile, 10 cm3 of 60-65% HPF6 (Aldrich) was added in 2 cm
3 
portions. After addition of the final portion of HPF6, the solution was stirred with heating for 
15min., then filtered hot to remove the undissolved black solid. An equal volume of diethyl ether 
was added to the filtrate, which was then cooled to 0°C whereupon a blue-tinged microcrystalline 
precipitate of Cu(CH3CN)4PF6 formed. The solid was collected by filtration, washed with diethyl 
ether and immediately redissolved in 100 cm3 acetonitrile, filtered again to remove any undissolved 
blue material, presumably the Cu2+ species. Diethyl ether (100 cm3) was added to the filtrate and 
the mixture was allowed to stand for several hours at 0°C. The white crystalline precipitate was 
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collected by filtration, washed with diethyl ether and ~ried under vacuum for 30min., and then 
stored under an inert atmosphere. 
Preparation of Copper(!) complex of N20 2S2: A solution of Cu( CH3CN)4PF 6 ( 40 mg, 0.11 mmol) 
in 5 cm3 acetonitrile was added, under nitrogen, to a degassed solution of N 20 2S2 ( 49 mg, 0.11 
mmol) in 2.5 cm3 dichloromethane to give a bright yellow solution. The volume of the solution 
was reduced by passing N2 gas through and then treated with degassed anhydrous diethyl ether 
at 0°C to a yield a yellow oil. The oil when dried under vacuum solidified giving rise to the air-
stable [Cu(N20 2S2)]PF6 complex as a bright yellow flaky material. Yield 60%. MPt 87-89°C. 
Analytical data calculated for C24H24N20 2S2CuPF6.H20: C, 43.5; H, 3.95; N, 4.2%. Found: C, 43.5; 
H, 4.0; N, 4.0%. IR (nujol mull, KBr disk, cm·1): 3376(w,br), 1615(m), 1574(m), 1501(s), 1314(s), 
1261(s), 1179(m), 1108(s), 841(vs), 784(s), 755(m), 721(m), 625(m), 557(m). 
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PART II 
OLIGOTHIOETHER PODANDS WITH 
DITHIOCARBAMATO TERMINAL GROUPS 
CHAPTER6 
CHARACTERIZATION AND COORDINATION 
CHEMISTRY OF S6-pip AND S6-diben 
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6.1 Introduction 
Dithiocarbamates are well-known complexing agents for a wide variety of metal cations and 
extensive· studies have revealed the novel and exciting coordination properties of these ligands 
(1-4). The structures of the dithiocarbamate molecules can be represented by the valence bond 
formalism shown in Figure 6.1. 
Figure 6.1 Resonance forms of the dithiocarbamates. 
The extent to which resonance form (c) contributes to the structure and its effect on the physical 
and chemical properties of dithiocarbamate complexes has been the subject of considerable study 
(1-4). 
Like all 1,1-dithioates the a donation and 'Tl' back-donation of the S atoms is assumed to be of 
the same order of magnitude. In complexes of transition metal cations with dithiocarbamates the 
bonding to the central metal atom is through the two sulfur atoms of the ligand and generally both 
M-S d~tances are equal. In the planar MS2CN system an extensive 'T!'-delocalization exists with 
a high contribution to the resonance structure (c), and a relatively high electron density on the 
metal can be expected. Consequently a special feature of the dithiocarbamate ligand is that it has 
the capacity to effectively stabilize high oxidation states of the transition metal cation in its 
complexes [1-4]. Extended redox series for these complexes are known and in general, oxidation 
is easier than reduction (5-7]. The strongly donating properties of these ligands are however lost 
when the nitrogen is bonded to an aryl group or an aromatic system, for example, diphenyl- or 
pyrroledithiocarbamates, as the additional 'Tl' electron flow from the N atom in these compounds 
is substantially reduced. [4]. 
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In view of the rich coordination .chemistry of these ligands, the quinolyl terminal groups in N20 2S2 
were replaced with piperidine- and dibenzylaminedithiocarbamates, to afford oligothioether 
podands with only sulfur donor atoms. The facile syntheses of the podands, 1,12-bis(-
N-piperidyl)-2,5,8, 11-tetrathiadodeca -1, 12-dithione (S6-pip) and N ,N ,N' ,N'-tetrakis-
(benzyl)-2,5,8, 11-tetrathiadodeca -1, 12-dithioamide (S6-diben) have been described in 
Chapter 2. 
The podands S6-pip and S6 -diben have been fully characterized by means of high resolution 
1H 
and Be NMR spectroscopy. Unfortunately time did not permit a comprehensive study of the 
coordination properties of these novel podands and only the complexing behaviour of S6-pip 
towards copper(II) and copper(!) was examined in detail. The results of this study as well as the 
characterization of the podands are described below. 
6.2 Characterization of S6-pip and s6-diben: 1H and 13c NMR Study 
The 1H and Be NMR chemical shift data of S6-pip and S6-diben in CDC13 solution at 298K are 
given in Tables 6.1 and 6.2, respectively. Both compounds give rise to interesting 1H and 13C 
NMR spectra in that separate resonances are observed for the methylene protons (Ha.and Ha) 
and carbon atoms (Ca.and_ Ca) bonded directly to the nitrogen. 
The magnetic non-equivalence of the aN -CH2 methylene protons and carbon atoms of the 
dithiocarbamate moieties implies that there is restricted rotation about the C-N bonds and that 
these bonds have partial double bond character. This has been confirmed by variable temperature 
NMR experiments, where on raising the temperature the peaks coalesce to give a single 
resonance. Further evidence of C-N partial double bond character is revealed by the position 
of the C-N stretching vibration in the infrared spectra. The u(C-N) stretching frequencies of 
S6-pip and S6-diben at 1473 and 1492 cm-1, respectively, are clearly indicative of a C-N bond 
order between one (1250 - 1350 cm-1) and two (1640 - 1690 cm-1) [8-10]. 
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TABLE 6.1 1H and 13C chemical shift data (ppm) for S6-pip in CDC13 at T = 298K 
A'A e's c'c / 
3 a /\/'
2 
0 /s s 4 Nf-C~ "'s 
5 a' 
HAA' Hee Hm-
3.53 2.85 2.90 3.82 4.24 1.67 1.54 
C=S 
36.7 32.2 31.3 51.3 53.0 25.9 24.3 194.7 
TABLE 6.2 1H and 13C NMR chemical shift data (ppm) for S6-diben in CDC13 at T = 298K 
3 2 A'A 8 18 c'c Ll--\ f\/12 4 s s 




HAA' HBB' Hee Ha Hm- H2,2'-6,6' 
3.60 2.89 2.86 4.88 5.30 7.31 
CAA' CBB' Ccc ca Cm- Ci.r-6,6' C=S 
37.4 32.2 31.1 54.1 56.4 135.4-127.2 198.5 
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The partial double bond character and resulting restricted rotation about the C-N bond is a 
characteristic feature of dithiocarbamate compounds [11-14]. The origin of the restricted bond 
rotation -may be seen on consideration of the three possible canonical forms of the 








The delocalization of the lone pair of electrons on the nitrogen atom to the sulfur atoms via a 
planar delocalized ,r-orbital system leads to a polar carbon to nitrogen double bond as shown by 
l(c). The contribution of the resonance form l(c) introduces a degree of double bond character 
into the C-N bond. This would tend to prevent free rotation around this bond and at the same 
time constrain the dithiocarbamate moiety into a near planar configuration in which the two 
o:N-CH2 methylene groups have different magnetic environments. Studies on the kinetics of 
S2C-N bond rotation in dithiocarbamate esters (R,R' = Me, Et), by means of variable 
temperature NMR experiments, have yielded free energy of activation, /1C?, values of the order 
of 61 - 63 kJ/mol [11,12] . 
. In the present study, kinetic line-shape analyses using variable temperature 1H NMR spectroscopy 
were carried out to estimate the energy barrier to free rotation about the carbon to nitrogen 
bonds in S6-pip and S6-diben in CDC13 solution. Rapid C-N bond rotation in S6-diben results 
in a simple uncoupled two-site exchange between the two sets of methylene protons attached to 
the nitrogen. On the other hand, for S6-pip the system is much more complicated in that other 
dynamic processes, such as ring inversion as well as vicinal spin-spin coupling of the ring protons, 
have to be considered. Dynamic NMR studies on piperidine-3,3,5,5-d4 and N-alkyl ( methyl and 
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t-butyl) derivatives have shown that the process of ring inversion is rapid at temperatures above 
-60°C [15]. 
The 1H NMR variable temperature studies of S6-pip showed that on lowering the temperature 
to -50°C the a.N-CH2 proton resonances sharpened but remained unresolved. Constant 
linewidth (width at half-height) measurements were observed between -40°C and -50°C, · 
suggesting that the limit of slow exchange due to restricted rotation about the C-N bond had 
been reached. The fact that the peaks could not be resolved at -50°C could be explained by the 
fluxional behaviour of the ring protons due to rapid ring inversion as well as relaxation by the 
quadrupole moment of the 14N nucleus. The 13- and yN-CH2 protons of the piperidine ring also 
gave rise to single unresolved resonanc(.;S and did not show any temperature variation between 
-50°C and 60°C, suggesting that the only exchange process involved within this temperature range 
is that of rotation about the C-N bond. Based on this assumption, it was decided to treat the 
dynamic exchange process between -50 and 60°C as a simple (uncoupled) two-site exchange, as 
in the case of S6 -diben. 
6.2.1 Kinetic line-shape analyses 
Outline 9f Experimental and Computational Methods 
The variable temperature 1H NMR spectra of S6-pip and S6-diben in CDC13 were recorded over 
the range -30 to 70°C on a 200 MHz Varian VXR-200 NMR spectrometer equipped with a 
variable temperature probe. The sample temperatures in the probe were calibrated according to 
the method described by van Geet [16], and are accurate to ± 1 °C. 
The theoretical line-shapes were calculated using the computer program, EXCHANGE [17], which 
is based on the Gutowsky-Holm method for uncoupled two-site exchange [18]. This method is a 
classical approach based on an extension of the phenomenological Bloch equations. The computer 
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program for the calculation of the exchange broadened line shapes requires as input data the 
chemical shifts and natural line-widths at half height of the nuclei in the absence of exchange and 
the initial estimates of the rate constants, k, for exchange between the two sites. The rate 
constant, k (sec-1), is defined as 1/2T, where T(sec) is the pre-exchange life-time of a proton in 
either environment. The rate constants, k, for the C-N bond rotation were estimated by visual 
fitting of the calculated to the observed spectra, see Figures 6.2 and 6.3. 
Measurements of the 'best-fit' rate constants for nuclear exchange processes as a function of 
temperature enable barrier energies of the rate process to be calculated according to the 
Arrhenius and Eyring theories [19-22], using the well-known equations 6.1 and 6.2, respectively. 
k = A exp(-EafRI) (6.1) 
k = K(k8T/h) exp(-'1Gf./R7) (6.2) 
where A is the frequency factor, Ea the Arrhenius activation energy, T the absolute temperature 
(K), R the universal gas constant (8.31 J K1), k8 the Boltzmann constant (1.3805 x 10-
23 J K1), 
h is Planck's constant (6.6256 x 10-23 J s), ad the Gibbs free energy of activation and ,c is the 
so-called transmission coefficient, which is usually set equal to 1. 
In the present study, the activation parameters were estimated using the Eyring equation, as this 
approach is generally preferred on the grounds that its activation parameters afford a more precise 
chemical interpretation for nuclear processes than do the Arrhenius parameters [20,23]. Using 
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Figure 6.2 Observed and calculated 1H NMR line-shapes for the exchanging aN-CH2 
resonances of S6-pip in CDC13 solution at 200 MHz. 
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Figure 6.3 Observed and calculated 1H NMR line-shapes for the exchanging oN-CH2 
resonances of S6-diben in CDC13 solution at 200 MHz. 
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in combination with the logarithmic form of the Eyring equation 6.2, given below 
LlG:I: (cal/mol) = 4.57 T[l0.32 - log(k/T)] (6.4) 
the following equation can be obtained: 
log(k/T) = 10.32 - (aiJ:1:/4.57 T) + (ast/4.57) (6.5) 
The activation parameters, LliJ:I: and ast, were determined by least-squares fits to log(k/T) versus 
1/T plots (see Figure 6.4). The estimated free energy of activation, aG:I:, values at specific 
temperatures were then calculated according to equations 6.3 and 6.4. The aG* values obtained 
in this manner may be expected to have a typical accuracy of about 0.2 kcal/mol (0.8 kJ/mol) [20]. 
Results and discussion 
As may be seen in Figure 6.4, linear Eyring plots of log(k/T) versus (1/T) are obtained for both 
compounds, indicating that the assumptions made in the case of S6-pip are reasonable. The 
activation parameters for C-N bond rotation are given in Table 6.3. The calculated aG* values 
are consistent with those reported for other ditb,iocarbamate esters [11,12], and they parallel the 
trend in u(C-N) values so that higher barriers correspond to higher u(C-N) values. 
Small entropies of activation ( ast = 0) are indicated for unimolecular reactions by absolute 
reaction rate theory, the ground state and transition states having almost identical entropy [24]. 
As a result entropy of activation values, ast, of approximately zero are expected for kinetic 
studies on C-N bond rotation [21]. The ast value determined for S6-diben is close to zero 
whereas for S6-pip it is slightly larger, presumably because the rate determination for S6-pip is 
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Figure 6.4 Eyring plots of log(k/T) versus 1/T for C-N bond rotation for (a) S6-pip and (b) 
S6-diben in CDC13. 
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The accuracy of the best fit rate constants depends on many factors relating to the characteristics 
of the spectra being fitted as well as on the purely experimental considerations (19-23]. In 
addition, the NMR method is susceptible to a series of systematic errors that sometimes cannot 
be eliminated (19-23]. An excellent and detailed discussion of the systematic errors inherent in 
this method has been published by Gutowsky et al. [23], and it has been found that the errors in 
the rate determination by NMR are most evident in the enthalpy and entropy activation 
paramet~rs obtained from the temperature dependence of a rate process. As a result, large errors 
in k prevent the determination of activation entropies that can be meaningfully interpreted 
chemically [20]. 
On the other hand it is well established that activation energies quoted in terms of the free energy 
of activation, aot:, are least prone to systematic errors [20,23]. This parameter has therefore 
been used for comparison between different systems and, in general, it has been found to be 
relatively consistent for different groups of researchers [20-22]. 
219 
In the present case, systematic errors have also probably been introduced by ignoring the effects 
of long-range coupling in S6-diben and vicinal coupling in S6-pip as well as the relaxation by the 
quadrupole moment of the nitrogen which is temperature dependent. Since the k values were 
estimated by visual comparison of the experimental to the calculated spectra and not by means of 
an iterative least-squares fitting procedure, a complete error analysis of the results obtained was 
not feasible. However, since the k values enter logarithmically into the calculations of Ile?- by 
means of the Eyring equation, the determination of Ile?- values makes modest demands on the 
accuracy of the rate constants and consequently on the quality of the experimental NMR spectra 
and the validity of the approximations employed in their dynamic evaluation [20]. As a result the 
ll.G:t: values obtained in the present study can be expected to have a typical accuracy of ±0.2 
kcal/mol ( ±0.8 kJ/mol) [20]. 
According to the results obtained from the 1H NMR kinetic study and the positions of the 
u(C-N) stretching frequencies in the IR spectra, the C-N bonds in S6-diben appear to have a 
higher degre~ of double bond character compared to the C-N bonds in S6-pip. Since piperidine 
(pKa = 11.123) is a much stronger base compared to dibenzylamine (PKa = 8.52) [25], these 
results are contrary to the expectation that the more basic the parent amine the more important 
the resonance structure l(c) will be. The apparent contradiction in these results could perhaps 
be explained in terms of steric effects. Because of the partial double bond character of the C-N 
bonds the R2N -CS2 moiety is held in a near planar configuration which will result in ring 
constraint in the piperidyl rings in S6-pip. On the other hand, for S6-diben a planar arrangement 
of the R2N -CS2 moiety would be favoured on account of base stacking interactions between the 
phenyl rings. On this basis the partial double bond character of the C-N bonds would be 
favoured in the case of S6-diben but not for S6-pip. Since the Ile?- values reflect differences 
between the ground and transition states, a greater Ile?- value would thus be expected for 
S6-diben compared to S6-pip, which is in fact observed. 
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6.3 Coordination Chemistry of S6-pip 
6.3.1 Complexation reaction between S6-pip and Copper(II) 
The complexation reaction between S6-pip and Cu(Cl04)i.6H20 is accompanied by a striking 
series of fairly rapid colour changes. When a solution of Cu(Cl04)z.6H20 in acetone is added to 
an acetone solution of S6-pip there is an immediate colour change from blue to dark brown. On 
heating the reaction mixture (50°C), the solution undergoes further colour changes from yellow 
to green and the resultant complex is isolated as a pale green powder (see Experimental section). 
The colour changes accompanying the reaction are also observed in the absence of heating as well 
as when the order in which the reactants are added to each other is reversed. 
In order to gain some insight into the various intermediate reactions taking place, the 
complexation reaction between Cu(II) and S6-pip was monitored using UV-visible 
spectrophotometry. The dark brown transient species gave rise to an intense absorption band in 
the 300-400 nm region and a fairly intense shoulder at 450 nm. As the reaction proceeded the 
absorbance of the band at 450 nm decreased, while the absorbance of the band in the 300-400 nm 
region increased. After about 1 hour there was no evidence of any absorption bands in the visible 
region and the spectrum consisted of an intense band at 333 nm, which was identical to the 
absorptien spectrum obtained for the pale green solid in acetone solution. As there was no 
evidence of any ligand field d-d absorption bands in the visible region, it was at this stage tempting 
to speculate that the reaction between Cu(II) and S6-pip gives rise to a copper(!) complex. 
However, the exact stoicheiometry of the complex could not be established unambiguously from 
the analytical data. 
When the solution containing the copper complex was left to stand for several hours a further 
colour change, from very pale green to an intense green, was observed. The absorption spectrum 
of this solution consisted of an intense band at 333 nm as well as a moderately intense band at 423 
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nm and a very weak band about 648 nm. However, it is noteworthy, that upon addition of 
ascorbic acid the absorption bands at 423 and 648 nm disappeared, implying that the metal ion in 
the complex had undergone oxidation. These results thus lend further support to the hypothesis 
that the reaction between Cu(II) and S6-pip affords a copper(!) complex; the resultant Cu(I) 
complex undergoing slow oxidation in solution. 
Additional support for the above hypothesis derives from the 1H NMR spectrum of the pale green 
complex, in that there was no evidence of substantial line broadening or large paramagnetic shifts, 
which would be expected if the complex contained Cu(II) ions. The proton chemical shift data 
for the complex obtained in CDC13 and (CD3) 2CO solutions are given in Table 6.4. All the proton 
resonances of S6-pip are shifted downfield upon complexation, as indicated by the total shifts 
(.6.6) given in parentheses in Table 6.4. 
TABLE 6.4 1H chemical shift data (ppm) for the complex obtained from the reaction between 





























a) T = 298K The values given in parentheses represent the total shift (.6.6) relative to the uncomplexed 
podand, negative values indicating a downfield shift. 
222 
However, in order to verify that the reaction between S6-pip and eu(II) gives rise to a copper(!) 
complex, the reaction between S6-pip and copper(!) was examined. 
6.3.2 Complexation reaction between S6-pip and Copper(I) 
A well-defined air-stable 1:1 copper(!) complex of S6-pip is obtained by the reaction of S6-pip 
and (eu(eH3eN)4]PF6 in acetonitrile, the details of which are given in the Experimental section. 
The electronic spectrum of the [eu(S6 -pip)]PF6 complex obtained in acetone solution consists 
of an intense charge transfer band at 336 nm ( E = 8726 M·1cm·1), and is therefore virtually 
identical to the absorption spectrum observed for the complex isolated from the (S6-pip)-eu(II) 
reaction. In addition, the 1H NMR spectra of the two complexes in eoel3 solution (see Table 
6.4 and Table 6.5 (below)) and their infrared spectra (given in the Experimental section) are 
almost identical. The only significant differences in the IR spectra are due to the P-F (837 cm·1) 
and e1-0 (1089 and 622 cm-1) vibrations of the PF6• and e104- counterions. Hence, the 
similarity between the spectroscopic properties of the two complexes confirms the premise that 
the reaction between S6-pip and eu(el04)i.6H20 gives rise to a copper(!) complex. 
(i) Spectroscopic studies of [Cu(S6-pip)]PF6 
The 1H and Be NMR chemical shift data for (eu(S6-pip)]PF6 are listed in Table 6.5. The total 
shifts relative to the uncomplexed podand (.6.6) are given in parentheses, the negative values 
indicating a downfield shift and the positive values an upfield shift. 
Apart from the observed shifts upon complexation, the 1H and Be NMR spectra of the complex 
at 298K resemble that of the free podand. The only noticeable difference in the 1H NMR 
spectrum of the complex obtained in eoe13 solution is that the multiplet assigned to the H88• 
protons is broad and unresolved. 
223 
TABLE 6.5 1H and 13C chemical shift data (ppm) for [Cu(S6-pip)]PF6 at T = 298K a). 
solvent HAA' HBB' Hee Ha Ha' H3,5 H4 
CDC13 3.91 3.15 3.09 4.02 4.40 1.79 1.58 
(-0.38) (-0.30) (-0.19) (-0.20) (-0.16) (-0.12) (-0.04) 
DMSO-d6 3.60 2.92 2.92 3.92 4.24 1.64 1.33 
(-0.14) (-0.13) (-0.08) (-0.05) (-0.04) (-0.06) (0.25) 
solvent CAA' CBB' Ccc ca ca' ~,s C4 C=S 
CDC13 37.8 37.6 33.6 53.3 56.2 26.0 23.9 194.0 
(-1.1) (-5.4) (-2.3) (-2.0) (-3.2) (-0.4) (0.4) (0.7) 
26.5 
(-0.6) 
a) The values given in parentheses represent the total shifts (.6.6) relative to the uncomplexed podand, 
negative values indicating a downfield shift and positive values an upfield shift. 
As observed in other dithiocarbamate metal complexes [1-4], the u(C-N) stretching frequency 
of the piperidinedithiocarbamato moiety is shifted about 22 cm-1 to higher frequency upon 
complexation, indicating an increase in the double bond character of the C-N bond in the 
complex. Consequently, a greater energy barrier to rotation about the C-N bond in the complex 
-
would be expected_ Variable temperature 1H NMR experiments of the complex in CDC13 
revealed that on the increasing the temperature to 70°C the ~ -CH2 proton resonances did not 
coalesce. In fact an increase in temperature merely resulted in enhanced resolution of the 
multiplets assigned to the HAA' and H88, protons. On the other hand, when the variable 
temperature 1H NMR experiments were repeated using DMSO-d6 as the solvent, the~ -CH2 
peaks coalesced below 50°C. 
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Variable temperature 1H NMR experiments 
A kinetic line-shape analysis, employing the same method described earlier, was carried out to 
estimate the Gibbs free energy of activation, tie?, values for rotation about the C-N bond of 
the complex and S6-pip in DMSO-d6 solution. Owing to the high freezing point of dimethyl 
sulfoxide (18°C), the 1H NMR spectra of the complex and S6-pip were recorded over the 
temperature range 23 - 70°C, see Figures 6.5 and 6.6. The coalescence temperatures for the 
complex and S6-pip were found to be 47 and 43°C, respectively. 
The static NMR spectral parameters, namely the chemical shifts and natural line-widths at half 
height, used to calculate the theoretical spectra were obtained from the proton spectra recorded 
at the lowest temperatures, assuming that the resonance peaks had not undergone any significant 
exchange-broadening in this region. The rate constants k were estimated by visual fitting of the 
calculated to the observed spectra and linear Eyring plots of log(k/T) versus 1/T were obtained 
(Figure 6.7). The estimated tiGi values, calculated according to the equations 6.3 and 6.4, were 
64.6 kJ/mol (Tc = 316K) and 65.7 kJ/mol (Tc = 320K) for S6-pip and [Cu(S6-pip)]PF6, 
respectively. 
The tie? value estimated for S6-pip in DMSa°-d6 is slightly greater than that estimated for the 
podand ip CDC13• This is presumably because the polar solvent can effectively stabilize the polar 
charge-separated resonance structure 1 ( c) owing to mutual dipole-dipole interactions. In contrast, 
the energy barrier to rotation about the C-N bond in the complex is lowered significantly in 
DMS0-d6 compared to that in CDC13• The tie? value obtained for the complex in DMS0-d6 
is not much greater than that obtained for the uncomplexed podand, which is surprising given the 
large shift observed for the u(C-N) stretching frequency upon complexation. The marked 
difference observed for the complex in CDC13 and DMS0-d6 solutions as well as the low tie? 
value obtained for the complex in DMS0-d6 could be due to the dissociation of the complex in 
DMS0-d6 solution. This may also explain why much smaller shifts (ti6) are observed in 
DMS0-6 upon complexation. 
225 
k (sec-1) T (K) 
I\ 








Figure 6.5 Observed and calculated 1H NMR line-shapes for the exchanging a.N-CH2 
resonances of [Cu(S6 -pip)]PF6 in DMS0-d6 solution at 200 MHz. 
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Figure 6.6 Observed and calculated 1H NMR line-shapes for the exchanging a.N-CH2 
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Figure 6.7 Eyring plots of log(k/T) versus 1/T for C-N bond rotation for (a) S6-pip and (b) 
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Analysis of the 1H NMR of [Cu(S6-pip)]PF6 in CDCI3 
As shown in Figure 6.8, marked changes in the splitting pattern of the methylene protons, HAA,, 
H88, and Hee were observed in the 
1H NMR spectrum of the complex in CDC13 when the 
temperature was lowered to -65°C. To facilitate the analysis of the 1H NMR spectrum, a two-
dimensional proton homonuclear shift correlation (COSY) experiment was carried out at -60°C 
(Figure 6.9) in order to establish the approximate chemical shifts and spin-spin coupling 
interactions between the resonance peaks. 
The 1H NMR spectrum of the oligothioether fragment was analyzed directly using a computer 
program, NMR SUBMISSIONS [26], which is a simplified version of LAOCOON3, the well-
known NMR analysis computer program by Castellano and Bothner-By [27]. The theoretical 
spectrum, shown in Figure 6.8( c ), was computer calculated by systematically varying the estimated 
chemical shift values and coupling constants obtained from the COSY spectrum. The resonance 
peaks from the four methylene protons, -SCHAA,CH88.S- , are separated, the proton spectrum 
of this fragment changing from an AA'BB' spin system to a more complex ABCD structure. While 
the singlet assigned to the methylene protons, -SCHccCHccS-, is split into two apparent 
doublets centered at 2.57 and 3.03 ppm, respectively, giving rise to an A2B2 spin system. The 
estimated NMR spectral parameters for the -SCHA8 CHc0 S- fragment are indicated in Figure 
6.10. 
The variable temperature proton NMR spectra thus clearly demonstrate that the [Cu(S6 -pip)]PF6 
complex is stereochemically non-rigid in solution, the rapid fluxional behaviour of the podand 
resulting in averaging of the chemical shifts at higher temperatures. From the 1H NMR spectra 
recorded at lower temperatures it is evident that the podand is not symmetrically coordinated to 
the Cu(I) ion in the [Cu(S6 - pip)]PF6 complex. Since the Cu(I) cation has a strong preference 
for four coordinate tetrahedral geometry, it would appear, based on the 1H NMR spectrum 
recorded at -60°C, that the podand is coordinated to the Cu(I) ion through two thiocarbonyl and 
I I I 
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Figure 6.8 Proton NMR spectra of [Cu(S6-pip)]PF6 in CDCI3 at (a) T = 25°C and (b) T = 
-60°C. Spectrum (c) represents the computer calculated spectrum of [Cu(S6-pip)]PF6 at T = 
-60°C. 
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Figure 6.9 Two-dimensional proton homonuclear shift correlation (COSY) spectrum of 
[Cu(S6-pip)]PF6 in CDC13 at T = -60°C. 
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two thioether sulfur donor atoms in a tetrahedral arrangement. A similar 1H NMR spectrum has 







Figure 6.10 1H NMR spectral parameters (6 (ppm) and J (Hz)) for the -SCHABCHc0 S-
fragment of the [Cu(S6-pip)]PF6 complex in CDC13 at T = -60°C. 
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6.4 Disproportionation reaction of the [Cu(S6-pip)]PF6 complex in solution 
The [Cu(S6-pip)]PF6 complex was also found to be unstable in non-aqueous solvents. When the 
CDCl3 and DMSO-d6 solutions of the complex were left to stand for several days, the CDCl3 
solution changed colour from yellow to brown, whereas a yellow to green colour change was 
observed for the DMSO-d6 solution. In the case of the CDC13 solution of the complex, dark 
brown single crystals were deposited on the sides of the NMR tube. These crystals were isolated 
and washed with anhydrous diethyl ether. Since only a few crystals were obtained, the compound 
could not be identified using conventional analytical methods and they were therefore submitted 
for X-ray diffraction analysis. 
The X-ray crystallographic study revealed that the compound was a copper(III) dithiocarbamate 
complex: bis(N-piperidyldithiocarbamato )copper(III) hexafluorophosphate, [Cu(pipdtc )z]PF 6 ( see 
section 6.4.1). Based on this result it is clear that the disproportionation reaction of the 
[Cu(S6-pip)]PF6 complex includes a two electron oxidation of the copper ion and simultaneous 
reductive cleavage of the terminal groups. Thin-layer chromatography (silica gel plates, CHCl3) 
showed that the disproportionation reaction of [Cu(S6-pip)]PF6 gives rise to four products with 
Rr values of 0, 0.52, 0.62 and 0. 76, of which the first component (Rr = 0) can be ascribed. to the 
charged copper(III) complex. However, because of the minute quantities of the products formed 
no attem_pts were made to separate and identify the other components. Hence, at this stage, it 
is not possible to postulate a reaction scheme. 
The disproportionation reaction of the [Cu(S6-pip)]PF6 complex is unusual in that the two 
electron oxidation of the Cu(I) ion occurs in the absence of powerful oxidants. While other 
copper(ill) dithiocarbamate ( dtc) complexes are well documented [1-4,29-33], these complexes are 
usually prepared by means of oxidation of the corresponding copper(II) complexes. Two types 
of copper(ill) dithiocarbamate complexes have been isolated. Halogen oxidation of 
Cu(n-Bt1idtc)z or [Cu(n-Bu2dtc)]4 results in the formation of the diamagnetic square-planar 
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monomeric Cu(n-Bu2dtc)X2 complexes (X = Cl, Br) [31]. While the Cu(R2dtc)+ cations are 
obtained by the oxidation of the Cu(II) complexes with iodine [33] , FeC13, Fe(Cl04h6(H20) or 
Cu(Cl04) 2.6(H20 ) [30,32]. 
In order to elucidate the factors governing the disproportionation reaction of [Cu(S6-pip)]PF6, 
spectrophotometric studies were carried out to see whether the reaction is perhaps 
photochemically induced. The disproportionation reactions of two acetone solutions of 
[Cu(S6 -pip)]PF6, one kept in the dark and the other under UV light, were monitored 
simultaneously using UV-visible spectrophotometry. As may be seen from Figure 6.11, the 
absorbance of the band at 438 nm, which may be assigned to a charge transfer transition in the 
Cu(III) complex [34] , increases substantially for the solution placed under UV light. On the other 
hand the reaction proceeds very slowly in the absence of a light source. Hence, these results lead 
to the conclusion that the disproportionation reaction of [Cu(S6-pip)]PF6 is photochemically 
induced. 
6.4.1 Crystal and Molecular Structure of bis(N-piperidyldithiocarbamato)copper(III) 
hexafluorophosphate, [Cu(pipdtc)i]PF6 [35] 
The structure of [Cu(pipdtc)z]PF6 was determined by Professor Mino R. Caira (Department of 
Crystallqgraphy, University of Cape Town). The structure was solved by Patterson and difference 
Fourier methods and refined by full -matrix least-squares (SHELX 76 [36]). Lorentz-polarization 
and empirical absorption corrections were applied (program EAC, Enraf-Nonius package). The 
crystal data, experimental and refinement parameters are summarized in Table 6.6. The final 
fractional atomic coordinates and equivalent isotropic temperature factors Ueq for the non-




























































































































































































































































































TABLE 6.6 Summary of the crystal data, experimental and final refinement parameters for 
[Cu(pipdtc )i]PF 6• 
Crystal Data 
Molecular formula 













Crystal dimensions (mm) 
Scan mode 
Scan width (0 ) 
Aperture width (mm) 
e Range scanned (0 ) 




Number of unique 
reflections collected 
Number of observed 
reflections, N, 





density/e A-3 (max/min) 
Number of parameters, Np 
R = ~ I I Fo I - I Fe I I f'i, I Fo I 
Rw = ~wYi I I Fo I - I Fe I I f'i,wYi I Fo I 














0.19 X 0.25 X 0.28 
w - 26 scan 
(0.90 + 0.35tane) 
(1.12 + l.05tan6) 
1 - 25 
















TABLE 6.7 Final fractional atomic coordinates (x 104) and equivalent isotropic temperature 
factors• u eq (A2 x 103) of the non-hydrogen atoms for [Cu(pipdtc)z]PF6 with estimated standard 
deviations in parentheses. 
Atom x/a y/b z/c ueq. 
Cu(l) 5000 5000 5000 33(0) 
S(l) 3343(2) 5886(1) 5469(1) 34(0) 
S(2) 5309(2) 5827(1) 3879(1) 36(0) 
N(l) 3354(5) 6988(2) 4183(3) 34(1) 
C(l) 3893(5) 6349(3) 4458(3) 31(1) 
C(2) 4091(7) 7379(3) 3385(4) 46(2) 
C(3) . 2723(7) 7656(3) 2668(4) 55(2) 
C(4). 1371(8) 8093(3) 3140(4) 55(2) 
C(5) 635(7) 7650(3) 3925( 4) 52(2) 
C(6) 2026(7) 7383(3) 4666(4) 46(2) 
Cu(2) 0 5000 5000 35(0) 
S(3) 537(2) 4526(1) 6455(1) 39(0) 
S(4) -1498(2) 5731(1) 5884(1) 36(0) 
N(2) -1258(5) 5243(2) 7719(3) 40(1) 
C(7) -825(6) 5183(2) . 6838(3) 32(1) 
C(8) -2545(7) 5769(3) 8005(4) 48(2) 
C(9) -4014(7) 5359(4) 8384(5) 60(2) 
C(lO) _ -3424(9) 4837(3) 9183(5) 69(3) 
C(ll) -2047(9) 4333(3) 8863(5) 68(3) 
C(12) -590(7) 4751(3) 8504(4) 52(2) 
p 2825(2) 2972(1) 8923(1) 46(0) 
F(l) 4809(6) 3080(4) 9029(5) 147(3) 
F(2) 864(6) 2853(4) 8784(4) 140(3) 
F(3) 2863(7) 2383(3) 9747(4) 113(2) 
F(4) 2813(8) 3552(3) 8121(4) 140(3) 
F(5) 2569(10) 3558(3) 9684( 4) 159(4) 
F(6) 3093(9) 2356(3) 8172(5) 150(3) 
.. 
Ueq = 1/3 (trace of the orthogonalized Uii matrix) 
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Description of the molecular structure of [Cu(pipdtc)i]PF6 
The compound consists of the ionic units Cu(pipdtc)z + and PF6·. In the structure there are two 
crystallographically-independent Cu(pipdtc)2 + cations. The Cu atoms are situated at Wyckoff 
positions (a) and (b) with site-symmetry T, requiring strictly planar coordination of the Cu atom 
by four sulfur atoms. The molecular structures and atom numbering for the two independent 
cations are illustrated in Figure 6.12. The interatomic bond lengths and bond angles for the 
cations are listed in Table 6.8. 
Figure 6.12 Perspective view of the molecular structures of the two independent Cu(pipdtc )z + 
cations including the atom numbering scheme for the non-hydrogen atoms. (The H atoms are 
omitted for clarity). 
In the structure each Cu atom is also weakly bonded to two sulfur atoms of the adjacent cations 
at unique Cu ... S distances of 3.102(2) and 3.199(2)A, resulting in a pseudo-octahedral coordination 
of each metal atom. This arrangement is similar to that found m 
bis(N ,N-dimethyl-dithiocarbamato )copper(II) [37] where the weak intermolecular Cu ... S bond 
distance is 3.159 A. 
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TABLE 6.8 Bond lengths (A) and bond angles (0 ) for the two independent Cu(pipdtc) + 2 cations 
with estimated standard deviations in parentheses. 
Bond lengths 
Cu(l)-S(l) 2.216(2) Cu(2)-S(3) 2.208(2) 
Cu(l)-S(2) 2.206(2) Cu(2)-S(4) 2.222(2) 
S(l)-C(l) 1.728(5) S(3)-C(7) 1.726(5) 
S(2)-C(l) 1.717(5) S(4)-C(7) 1.712( 4) 
C(l)-N(l) 1.297(7) C(7)-N(2) 1.302(6) 
N(l)-C(2) 1.479(7) N(2)-C(8) 1.476(7) 
C(2)-C(3) 1.487(8) C(8)-C(9) 1.507(9) 
C(3)-C(4) 1.521(8) C(9)-C(10) 1.510(9) 
C(4)-C(5) 1.514(8) C(lO)-C(l 1) 1.517(9) 
C(5)-C(6) 1.513(8) C(ll )-C(12) 1.495(9) 
C(6)-N(l) 1.475(7) C(12)-N(2) 1.478(7) 
Cu(l)-S(4i) 3.199(2) Cu(2)-S(l) 3.102(2) 
Bond angles 
S(l )-Cu(l )-S(2) 78.5(1) S(3)-Cu(2)-S( 4) 78.6(1) 
Cu(l )-S(l )-C(l) 86.1(2) Cu(2)-S(3)-C(7) 86.0(2) 
Cu(l )-S(2)-C(l) 86.7(2) Cu(2)-S( 4)-C(7) 85.9(2) 
S(l )-C(l )-S(2) 108.6(3) S(3)-C(7)-S( 4) 109.4(2) 
S(l)-C(l)-N(l) 126.2( 4) S(3)-C(7)-N(2) 124.5(3) 
S(2)-C(l)-N(l) 125.2(3) S( 4)-C(7)-N(2) 126.1(3) 
C(l)-N(t)-C(2) 121.7( 4) C(7)-N (2)-C(8) 123.2(4) 
C(l)-N(l)-C(6) 122.5(4) C(7)-N(2)-C(12) 122.5.(4) 
C(2)-N(l)-C(6) 115.8(4) C(8)-N(2)-C(12) 114.2( 4) 
N(l)-C(2)-C(3) 111.4(5) N (2)-C(8)-C(9) ·108.8(5) 
C(2)-C(3)-C( 4) 112.3(5) C(8)-C(9)-C(10) 112.5(5) 
C(3)-C( 4)-C(5) 110.2(5) C(9)-C( 10)-C( 11) 110.8(5) 
C( 4)-C(5)-C(6) 111.7(5) C(lO)-C(l 1 )-C(12) 111.2(5) 
C(5)-C(6)-N(l) 110.1(4) C(ll)-C(12)-N(2) 109.3(5) 
Symmetry code: (i) 1 +x, y, z 
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With a formal oxidation state of +3 for the Cu atoms, the Cu(ill)-S bond lengths (Table 6.8) 
are in the range 2.206(2) - 2.222(2) A. These values compare favourably with the range of 2.21(2) 
- 2.23(2) A reported for bis(N ,N-di-n-butyldithiocarbamato )copper(III) triiodide [33] and with 
a range of 2.202(3) - 2.216( 4) A observed in the closely related bis(N-pyrrolidyldithiocarbamato )-
copper(III) cation [32]. The Cu-S bond distances in dithiocarbamato complexes have been found 
to be dependent on the formal charge on the copper atom, the Cu(III)-S bond distances being 
significantly shorter compared with Cu(l)-S and Cu(II)-S bond distances [33]. By analogy, the 
Cu(III)-S bond distances in the present structure are considerably shorter than the Cu(II)-S 
bond distances reported for the corresponding Cu(II) complexes: [Cu(pipdtc)i(CuBr)4] 
(2.3163(9) A) and [Cu(pipdtc)i(CuBr)6] (2.3059(11) A) [38]. 
In the present structure, there is a systematic asymmetry in the Cu(III)-S bond distances. In the 
one cation the unique Cu(III)-S bond distances differ by 3.5a and in the other by Sa. The 
longer pair involves atoms S(l) and S(4) which engage in the weak intermolecular Cu ... S bonds 
linking the cations. 
The four S-C distances are equivalent and average 1.721 A, while the S-C-S 'bite' angles are 
consistent with the average 111 ° reported for symmetrically bonded dithiocarbamate ligands [33]. 
As observed in most dithicicarbamato complexes, the C-N bond distances (C(l)-N(l) 1.297(7) A 
and C(7;-N(2) 1.302(6) A) are intermediate between single C-N bonds (1.46 A) and double 
C=N bonds (1.27 A), confirming the original suggestion based on infrared evidence that the 
resonance structure 1 ( c) is an important canonical form in the structure of dithiocarbamates [8-10]. 
The bond distances and bond angles within the piperidyl rings are normal and as may be expected 
both piperidyl rings are in a near chair conformation even though the C-N bonds have partial 
double bond character. Atoms N ( 1) and N (2) deviate by 0.017 ( 4) and 0.031 ( 4) from the planes 
formed by their respective bonded C atoms. A least-squares plane calculation including atoms 
S(l), S(2), C(l), N(l), C(2), and C(6) shows that the first four atoms are coplanar to within about 
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0.01 A, while atoms C(2) and C(6) deviate by -0.155(6) and 0.127 A respectively. The same 
fragment in the second cation has a higher degree of planarity, the maximum deviation of 
0.084( 6) A being that of C(8). 
As may be seen from the packing arrangement illustrated in Figure 6.13, the weak Cu ... S 
intermolecular bonds link the cations in a linear polymeric arrangement along the x-direction. 
Alternating CuS4 coordination planes ( e.g. those centred at 0, 1/2, 1/2 and 1/2, 1/2, 1/2) are tilted 
at 26.0(1)0 to each other and the Cu ... Cu distance is 3.908 A (a/2). This distance is close to the 
value of 4.043 A observed in bis(N ,N-dimethyldithiocarbamato )copper(II) which has an analogous 
polymeric structure [37] , but considerably shorter than that observed in bis(N,N-di-n-butyl-
dithiocarbarnato )copper(III) triiodide ( 4.31 A) [33]. In the latter structure, the Cu atoms occupy 
Wyckoff positions (a) and (c) of the same space group as the present case and the shortest Cu ... S 
distance is 3.34(2) A. 
Figure 6.13 Stereoscopic view of the packing for [Cu(pipdtc)z]PF6. The narrow solid lines indicate 
the weak Cu ... S bonds. 
The PF6• ion has regular octahedral geometry with an average P-F distance of 1.55 A. Uniformly 
large Ueq parameters for the F atoms (Table 6.7) and the presence of large residual peaks (up to 
0.70 e A·3) in their vicinity indicated possible minor anion disorder. An alternative orientation for 
the PF6• ion was not readily apparent and no attempt was made to model disorder. 
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6.5 Discussion and Conclusion 
The complexation reactions of S6-pip with copper(II) and copper(!) metal cations clearly 
demonstrate that the replacement of the quinolyloxy terminal groups of the oligothioether podand 
N20 2S2 with sulfur-containing dithiocarbamato moieties can result in a marked alteration in the 
coordinating properties of the oligothioether podands. Unlike N20 2S2, which readily forms a 
stable pseudo-octahedral copper(II) complex, S6-pip reacts with Cu
2+ ions to yield a copper(!) 
complex. On the other hand, copper(!) complexes of both podands are readily obtainable. The 
copper(!) complex of S6-pip has, however, been found to be unstable in solution, undergoing 
disproportionation to yield inter alia a bis(N-piperidyldithiocarbamato )copper(ill) hexafluoro-
phosphate complex. 
The interesting coordinating properties of S6-pip can perhaps be explained in terms of the 
following factors: (1) the electronic and steric factors inherent in the ligand, (2) the chemistry of 
the terminal group and (3) the electronic properties and geometrical preferences of the 
coordinated metal ion. 
Considering the electronic properties of the podands S6-pip and S6-diben first, it is noteworthy 
that the podands are made up of two structural units, namely the ligand backbone and the 
terminal groups, which have different ligating properties. The thioether donor atoms on the 
oligothioether backbone, in view of their 1T-acidity, are able to stabilize low oxidation states of the 
coordinated metal ion. The dithiocarbamato terminal groups can, on the other hand, effectively 
stabilize high oxidation states of the coordinated metal ion as a result of the 1T-electron flow from 
the nitrogen atom to the sulfur atoms through a planar delocalized 1T-orbital system. 
Consequently, these podands have, in principle, the ability to confer unusual redox properties on 
the metal center. This is indeed clearly manifested in the complexation reactions of S6-pip with 
Cu2+ and Cul+ ions. 
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A possible explanation for the ready isolation of a copper(!) complex of S6-pip but not a 
copper(II) complex, could be that the ligating property of the oligothioether backbone is dominant 
over that of the terminal groups and also that Cul+ ions have a greater affinity towards thioether 
sulfur donor atoms compared to Cu2+ ions. 
The failure to isolate a copper(II) complex of S6-pip is difficult to explain completely. In addition 
to the relative instability of the podand to cleavage of the terminal groups, steric factors may play 
a role. The carbon chain linkages between the donor atoms of S6-pip would result in the 
formation of two 4-membered and three 5-membered chelate rings upon complexation with a six-
coordinate metal ion. This is in contrast to the podand N20 2S2 in which the interdonor carbon 
linkages give rise to five 5-membered chelate rings upon complexation with copper(II), allowing 
the N20 2S2 ligand to assume a relatively strain-free pseudo-octahedral geometry around the 
copper(II) ion. The limited 'bite' of the two 4-membered chelate rings of the dithiocarbamate 
terminal groups of S6-pip could engender steric strain within the molecule, preventing the six 
donor atoms of the podand from occupying six octahedral sites of the metal ion. Based on the 
1H NMR spectrum of the copper(!) complex in CDC13 at T = -60°C, it appears that the S6-pip 
podand probably assumes a tetrahedral arrangement around the Cu1 + ion stabilizing the copper(!) 
complex. Thus the electronic properties of the donor atoms of the ligand and the metal ions, the 
coordination number and geometrical preferences of the metal ion and the number of carbon 
atoms between the donor atoms appear to have a profound effect on the stability of complex 
formation of these podands. 
The disproportionation of the copper(!) complex in solution which has been found to be 
photochemically induced may also be facilitated by: (1) the ability of the terminal groups to 
stabilize higher oxidation states of the coordinated metal ion, (2) the ready dissociation of the 
complex in polar solvent media and (3) the fact that the bond energy of C-S bonds (272 kJ/mol) 
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is less than that for C-C (345.6 kJ/mol) and C-0 bonds (357.7 kJ/mol) so that fission of C-S 
bonds would be expected to be energetically more favourable [39]. 
Clearly, in order to gain a better understanding of the various redox reactions taking place, the 
electrochemistry of the (S6 -pip)-copper(II/l) system would have to be studied. 
Preliminary studies have shown that S6-pip reacts readily with RhCl3.6H20, Rhz(C0)4Cl2, PtCl2, 
and PdCl2, as evidenced by the immediate colour change of the solutions and, in most cases, the 
precipitation of either orange or yellow reaction products. However, in each case it was found 
by means of TLC that mixtures of several components were present. Furthermore, in most cases, 
it was difficult to unambiguously establish the stoicheiometries of the isolated solid adducts from 
their elemental analysis. The complexation reactions of S6-pip with PdCl2 showed that the 
stoicheiometry of the metal complex depends on the mole ratio of the reactants. The 1H NMR 
spectra of all the complexes suggested that the podand is not symmetrically coordinated to the 
metal ions, the AA'BB' spin system of the SCHAA,CH88,S fragment of the podand having changed 
to an ABCD spin system, resulting in complicated spectra. 
The complexity of the reactions of S6-pip with Rh(III/1), Pt(II) and Pd(II) ions could result from 
competitjve metal-halogen coordination to the metal, yielding mixtures of mononuclear complexes 
as well as bridged metal complexes. Similar observations have also been reported by McAuliffe 
et al. [40,41] for the complexation reactions of the tetrathioether ligands, cx,w-bis(a-methylthio-
phenylthio)alkanes, with these metal cations. These authors found that by using halide-free 
starting materials, e.g. M(CH3CN)iCl04)z (M = Pd, Pt), they could isolate monomeric complexes 
[42]. Hence, in order to isolate well-defined complexes of these metal cations with S6-pip an 




6.6.1 1H NMR kinetic line-shape analyses 
The variable-temperature 1H NMR experiments were carried out as outlined in Sections 6.2.1 and 
6.3.2(i). The theoretical line-shapes were computer calculated using the computer program 
EXCHANGE [17]. The best fits to the experimental line-shapes were visually determined and 
the resulting values of k at various temperatures were taken to be the rate constants for C-N 
bond rotation. Computations were carried out on an IBM compatible Bondwell microcomputer 
linked to an Epson printer. 
6.6.2 Preparation of Copper complexes of S6-pip 
Complexation reaction between Cu(Cl04)z.6H20 and S6-pip: 
Upon addition of Cu(Cl04)z.6H20 (0.7768 g, 0.5 mmol, Alfa Chemical Co.) in 4 cm
3 acetone to 
S6-pip (0.2160 g, 0.5 mmol) in 20 cm
3 acetone, the solution turned dark brown. The mixture was 
heated and the colour of the solution changed from dark brown to green. The solution was 
filtered while hot and the solvent was evaporated off to yield a green oil. The resultant oil was 
redissolved in a minimum amount of hot acetone, cooled to 0°C and then treated with anhydrous 
diethyl ether to afford a pale green solid which was dried over silica gel in vacuo. Yield: 0.16 g. 
MPt 85-87°C. Analytical data(%C/H/N): Found:C, 32.4; H, 4.2; N, 3.9 %. IR(Csl pellet, cm·1): 
3502(w), 2937(m), 2855(w), 1493(s), 1439(s), 1354(w), 1279(m), 1240(s), 1089(vs), 1016(w), 
1002(m), 964(m), 883(m), 853(m), 622(s), 551(w), 407(w), 304(w). 
Complexation reaction between [Cu(CH3CN)4]PF6 and S6 -pip: 
The podand S6-pip (0.135 g, 0.28 mmol) was dissolved in 8 cm
3 acetonitrile at 50°C and to this 
solution was added a solution of [Cu(CH3CN)4]PF6 (0.119 g, 0.32 mmol) in 5 cm
3 of acetonitrile. 
The reaction mixture was heated to 50°C with stirring for several minutes. The yellow solution 
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was filtered while hot and the volume of the filtrate was reduced to about 2-3 cm3 and then cooled 
to 0°C. The copper(!) complex was isolated as a light brown powder on treatment with anhydrous 
diethyl ether. The complex was dried over silica gel in vacuo. Yield: 40 mg, 24%. MPt 
139-142 °C. Analytical data calculated for C18H32N2S6CuPF6: C, 31.9; H, 4.8; N, 4.1%. Found: 
C, 31.6; H, 4.5; N, 4.2%. IR(Csl pellet, cm-1): 2935(m), 2858(w), 1494(s), 1440(s), 1356(w), 
1280(m), 1241(s), 1133(w), 1104(m), 1071(w), 1017(w), 1004(m), 965(m), 838(vs), 739(w), 608(w), 
557(s), 511(w), 408(w), 303(w), 250(w), 203(w). 
REFERENCES 
1 D. COUCOUV ANIS 
Prag. Inorg. Chem., 11, 233 (1970). 
2 D. COUCOUVANIS 
Prog. Inorg. Chem., 26, 301 (1979). 
3 RP. BURNS, F.P. McCULLOUGH AND C.A McAULIFFE 
Adv. Inorg. Radiochem., 23, 211 (1980). 
4 J.A CRAS AND J. WILLEMSE 
246 
'Comprehensive Coordination Chemistry. The Synthesis, Reactions, Properties and Applications 
of Coordination Compounds', Vol. 2, p 579. Editors: G. Wilkinson, RD. Gillard and J. 
McCleverty, Pergamon Press, New York, 1987. 
5 J. WILLEMSE, J.A CRAS, J.J. STEGGERDA AND C.P. KEIJZERS 
Struct. Bond., 28, 83 (1976). 
6 H.L.M. VAN GAAL AND J.G.M. VAN DER LINDEN 
Coard. Chem. Rev.,41, 41 (1982). 
7 AM. BOND AND RL. MARTIN 
Coard. Chem. Rev., 54, 23 (1984). 
8 D. CO UCO UV ANIS AND J.P. FACKLER, Jr. 
Inorg. Chem., 6, 2047 (1967). 
9 J. CHAIT, L.A DUNCANSON AND L.M. VENANZI 
Nature, 177, 1042 (1956). 
10 K. NAKAMOTO, J. FUJITA, RA CONDRATE AND Y. MORIMOTO 
J. Chem. Phys., 39, 423 (1963). 
11 C.E. HOLLOWAY AND M.H. GITLITZ 
Can. J. Chem., 45, 2659 (1967). 
12 AE. LEMIRE AND J.C. THOMPSON 
Can. J. Chem., 48, 824 (1970). 
13 M.C. P ALAZZOTO, D.J. DUFFY, B.L. EDGAR, L. QUE, Jr., AND L.H. PIG NOLET 
J. Am. Chem. Soc., 95, 4537 (1973). 
14 B.L. EDGAR, D.J. DUFFY, M.C. PALAZZOTO AND L.H. PIGNOLET 
J. Am. Chem. Soc., 95, 1125 (1973). 
15 J.B. LAMBERT, RG. KESKE, RE. CARHART AND AP. JOY ANOVICH 
J. Am. Chem. Soc., 89, 3661 (1967). 
16 AL. VAN GEET 
Anal. Chem., 40, 2227 (1968). 
247 
17 The simulation and plotting program, EXCHANGE, was written by Prof. G. Jackson and L. 
Barbour, Department of Chemistry, University of Cape Town. 
18 H.S. GUTOWSKY AND C.H. HOLM 
J. Chem. Phys. , 25, 1228 (1956). 
19 H. GUNTER 
'NMR Spectroscopy - An Introduction', John Wiley, Chichester, 1987. 
20 G. BINSCH AND H. KESSLER 
Angew. Chem. Int. Ed. Engl., 19, 411 (1980). 
21 G. BINSCH 
Top. Stereochem., 3, 97 (1968), and references therein. 
22 W.E. STEWART AND T.H. SIDDALL, III 
Chem. Rev., 70, 517 (1970). 
23 A ALLERHAND, H.S. GUTOWSKY, J. JONAS AND RA MEINZER 
J. Am. Chem. Soc., 44, 3185 (1966). 
24 B. STEVENS 
'Chemical Ki.netics', Second Edition, Science paperback, Great Britain, 1970. 
25 RM. SMITH AND AE. MARTELL 
'Critical Stability Constants', Vol. 2, Plenum Press, New York, 1975. 
26 The NMR analysis package, NMR SUBMISSIONS, was written by Professor Milton D. 
Johnston Jr., Department of Chemistry, University of South Florida, Tampa Florida 33620, 
U.S.A 
27 S. CASTELLANO AND AA BOTHNER-BY 
J. Chem. Phys., 41, 3863 (1964). 
28 B. ELMAN, AG.S. HOGBERG, M. WEBER AND M. MUHAMMED 
Polyhedron, 4, 1197 (1985). 
29 AR. HENDRICKSON, R.L. MARTIN AND N.M. ROHDE 
Inorg. Chem., 15, 2115 (1976). 
30 RM. GOLDING, C.M. HARRIS, KJ. JESSOP AND W.C. TENNANT 
Austr. J. Chem., 25, 2567 (1972). 
31 P.T. BEURSKENS, J.A CRAS AND J.J. STEGGERDA 
Inorg. Chem., 7, 810 (1968). 
32 KL. BROWN 
Cryst. Struct. Comm., 8, 157 (1979). 
33 J.G. WIJNHOVEN, Th.EM. VAN DEN HARK AND P.T. BEURSKENS 
J. Cryst. Mal. Struct., 2, 189 (1972). 
248 
34 RF. JAMESON 
'Metal Ions in Biologi.cal Systems', Vol. 12, Chapter 1, Editor: H. Sigel, Marcel Dekker, New 
York, 1981. 
35 M.R. CAIRA, KR. KOCH AND C. SACHT 
Acta Cryst. (Section B), in press. 
36 G.M. SHELDRICK, SHELX76, in 'Computing in Crystallography', Editors: H. Schenck, R. 
Olthof-Hazekamp, H. von Koningsveld and G.C. Bassi, Delft University Press, 1978. 
37 F.W.B. EINSTEIN AND J.S. FIELD 
Acta Cryst., B30, 2928 (1974). 
38 RM. GOLDING, AD. RAE, B.J. RALPH AND L. SULLIGOI 
Inorg. Chem., 13, 2499 (1974). 
39 J.E. HUHEEY 
'Inorganic Chemistry. Principles of Structure and Reactivity', Second Edition, Harper and Row, 
New York, 1978. · 
40 W. LEV ASON, C.A McAULIFFE AND S.G. MURE.A Y 
J. Chem. Soc. Dalton Trans., 1566 (1975). 
41 W. LEVASON, C.A McAULIFFE AND S.G. MURRAY 
Inorg. Chim. Acta, 17, 247 (1976). 
42 F.R. HAR1LEY, S.G. MURRAY AND C.A McAULIFFE 




Based on the work described in this thesis, it is clear that the incorporation of sulfur donor atoms 
into the molecular framework of podands has a profound effect on the binding properties of these 
molecules. 
Although the Bnl}nsted basicity of N20 4 and N20 2S2 is essentially unaffected by the nature of the 
donor atoms on the ligand backbone, the metal binding properties of these podands are 
remarkably different. This is clearly manifested in their complexation reactions with K+, Co2+, 
Cu2+ metal cations. Furthermore, the structures of the resultant complexes differ markedly as 
shown by the crystal structures of the potassium complexes of N20 4 and the copper(II) co~plex 
of N20 2S2, as established by X-ray crystallography. 
The replacement of the quinolyloxy terminal group of N20 2S2 with N-piperidyldithiocarbamato 
functionalities also results in a marked alteration in the coordination chemistry of these podands. 
The difference in the metal binding properties of the three podands N20 4, N20 2S2 and S6-pip 
is adequately demonstrated in their complexing behaviour toward Cu2 + ions. The N20 4 podand 
forms an ill-defined copper(II) complex, the metal to ligand ratio being possibly 1:2 as indicated 
by the elemental analysis of the complex. The N20 2S2 podand, on the other hand, forms a well-
defined J:1 complex with copper(II), while S6-pip reacts with copper(II) to yield a copper(!) 
complex. 
Several factors appear to contribute to the different coordinating properties shown by these 
podands: 
(1) The electronic properties of the donor atoms of the ligand. 
(2) The conformational preferences of the C-0 and C-S bonds. 
(3) The nature of the terminal group. 
( 4) The electronic properties and geometrical preferences of the coordinated metal ion. 
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(5) The number of carbon atoms linking the donor atoms. 
While further studies with other metal cations may reveal further differences of the coordinating 
properties of these podands, it has nevertheless been shown that these molecules display a rich 
and unpredictable coordination chemistry, despite the apparent simplicity of their structure. 
APPENDIX 1 
LISTING OF PRONMR - A COMPUTER PROGRAM 
FOR THE EVALUATION OF PROTO NATION 
CONSTANTS BY MEANS OF NMR SPECTROSCOPY 
Program PRONMR (Input.Output); 
Type DFile = Text; 
Series = Array[1 .. 15] of Real; 
Var DiffSq, X11, X12, X10, Th, H, L, DeltaCalc, DeltaObs, Tl : Series; 
FinalK1 , FinalK2, FinalErr, LastErr, Err, Inc, 
lnitTh, K1 , Delta1 O, Delta 11, Delta12, K2 
Found, Quit 






















Var Fx, FFx, Xn, XXn : Real; 
Exit : Boolean; 
i : Integer; 
BEGIN 
For i := 1 to Max do 
BEGIN 
Xn := 0.50; 
Exit := False; 
While Not Exit do 
BEGIN 
-Fx : = (K1 * K2 * Xn * Xn * Xn) + 
(K1 * (1 + 2 * K2 * Tl[i] - K2 * Th[i]) * Xn * Xn) + 
((1 + K1 * (Tl[i] - Th[i])) * Xn) - Th[i]; 
FFx := (3 * K1 * K2 * Xn * Xn) + 
(2 * (K1 * (1 + 2 * K2 * Tl[i] - K2 * Th(i]) * Xn)) + 
(1. + K1 * (Tl[i] - Th[i])) ; 
XXn := Xn - (Fx / FFx); 
If ((XXn/Xn > 0.99) AND (XXn/Xn < 1.01)) then Exit:= True 
Else Xn := XXn; 
END; { While Not Exit } 
H[i] := XXn; 











END; { Refine } 
Procedure Cale; 
Var i : Integer; 
BEGIN 
For i := 1 to Max do 
BEGIN 
L[i] := Tl[i] / (1 + (K1 * H[i]) + (K1 * K2 * H[i] * H[i])); 
X11 [i] : = (K1 * L[i] * H [i]) / Tl[i]; 
X12[i] := (K1 * K2 * L[i] * H[i] * H[i]) / Tl[i]; 
X10[i] := L[i] / Tl[i]; 
DeltaCalc(i] : = (X10(i] * Delta10) + (X11 (i] * Delta11) 




Var i : Integer; 
BEGIN 
Err:= O; 
For i := 1 to Max do 
BEGIN 
DitfSq[i] : = (DeltaObs[i] - DeltaCalc[i]) * (DeltaObs[i] - DeltaCalc[i]); 
Err := Err + DiffSq[i]; 
END; 
END; 
Procedure lterate1 ; 
BEGIN 
n := O; 
Tries:= O; 
Err:= 1E10; 
Found := False; 
While n < 10000 do 
BEGIN 
n :=-n + 1; 
WriteLN; 










= ',LastErr - Err); 
If Err > LastErr then 
BEGIN 
If n <= 2 then 
BEGIN 






FinalErr : = Err; 
FinalK1 : = K1; 
Tries:= n; 
n : = 10000; { Terminate Iteration } 
Found : = True; 
END; 
END Else Found := False; 
END; { While n < 1000 } 
If not Found then Writeln('No minimum found!') Else 
BEGIN 
ClrScr; 
Form := 1 to Max do Writeln(m,' ',DeltaCalc[m]:1 :2); 
GotoXY(30, 1); 
Write('Number of trials = ',Tries); 
GotoXY(30,3); 
Write('Error = ',FinalErr:1 :5); 
GotoXY (30, 5); 
Write('K1 = ',FinalK1 :1 :4); 
GotoXY(30,7); 
Write{'X10 = ',X10[m]:4:2); 
GotoXY(30,8); 
Write('X11 = ',X11 [m]:4:2); 
GotoXY(30,9); 









n := O; 
Tries:= O; 
Err := 1 E10; 
Found:= False; 




K2 := K2 + Inc; 
Refine; 
WriteLN('K2 = ',K2:1 :3); 
WriteLN('Error = ',Err); 
WriteLN('6E = ',LastErr - Err); 
Cale; 
LastErr : = Err; 
GetError; 
If Err > LastErr then 
BEGIN 
If n <= 2 then 
BEGIN 






FinalErr : = Err; 
FinalK2 : = K2; 
Tries := n; 
n : = 10000; { Terminate Iteration } 
Found : = True; 
END; 
END Else Found := False; 
END; { While n < 1000 } 
If not Found then Writeln('No minimum found! ') Else 
BEGIN 
ClrScr; 
Form := 1 to Max do Writeln(m,' ',DeltaCalc[m] :1 :2) ; 
GotoXY(30, 1) ; 
Write('Number of trials = ',Tries) ; 
GotoXY(30,3) ; 
Write('Error = ',FinalErr:1 :5) ; 
GotoXY (30, 5) ; 
Write('K2 = ',FinalK2:1 :4) ; 
GotoXY (30, 7); 
Write('X10 = ',X10[m] :4:2) ; 
GotoXY (30, 8) ; 
Write('X11 = ',X11[m]:4:2); 
GotoXY(30,9); 
Write{'X12 = ',X12[m] :4:2) ; 







(******************* M A I N P R O G R A M ************************) 
BEGIN 
ClrScr; 
Quit : = false; 
Write('Enter initial value for K1 : '); 
ReadLN(K1); 
WriteLN; 
Write('Enter increment for K1 : '); 
ReadLN(lnc); 
WriteLN; 






Write('Enter •Q• to quit or any other key to continue : '); 
ReadLN(Ch); 
If (ch = 'Q') or (ch = 'q') then Quit := true; 
While not Quit do 
BEGIN 
ClrScr; 
Write('Enter K2 : '); 
ReadLN (K2) ; 
WriteLN; 




Write('Enter ·Q· to quit or any other key to continue : '); 
ReadLN (Ch); 




Write('Enter K1 : '); 
ReadLN(K1}; . 
WriteLN; 




Write('Enetr •Q• to quit or any other key to continue : '); 
ReadLN(Ch); 
If (ch = 'Q') or (ch = 'q') then Quit := true; 
END; {Else} 
END; { While not Quit} 
END. 
(**************************************************************************)~ 
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